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OIL MEANS MORE SPARE TIME 


Oil speeds 
up production 
saving devices ... cuts 
hours from travel time... 
to give us more time for work 
and pleasure. To produce oil more eco- 
nomically, Schlumberger recently developed 
and introduced the Expendable Shaped Charge 
Perforator, the key to a revolutionary 


new well completion method. 


and Schlumberger means Service 


Schlumberger Well Surveying Corp. e Houston, Texas 


O 
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Created equal though men are, their skills will differ in degree 
| and direction. For the highly specialized job of cementing, Halliburton 
selects its men from a field of many trainees. Careful, thorough training 


on every type of well develops their skills to the highest degree. Then 
follows a rigorous period in actual well experience before they earn 

the coveted title of Halliburton Cementer. They have the knowhow 

to consult and advise the well operator on any well cementing problem. 
By its million-job experience and quarter-century research, Halliburton 


knows that cementing is a measure of men — and Halliburton develops 


men who measure up to its leadership in the field. 


HALLIBURTON OL WELL CEMENTING COMPANY 


DUNCAN, OKLAHOMA 


THERE S$ NO 


—— 


,. WITH A MODERN TYPE S 
SURVEY INSTRUMENT 


ar YOU ARE NC 
CALL YOUR NEAREST 
DEMONSTRATION 


.-- Good reasons why Eastman 
Oil Well Survey Company 
Leads The Field in Oil Well 
Surveying and Directional 


Drilling Service.. 


Call an Eastman Engineer today; He's ready to ot LLU 
serve you Anywhere, Anytime! 


s and Service: 


ATIONAL COMPANY 


Denver, Colorado 


EAST NM A Fi RSTS eco 
WITH PLANNED DIRECTIONAL DRILLING 
— 
WITH A WIDELY ACCEPTED MECHANICAL 
WITH A QUICK ACTION SNAP-LOCK 
DRIFT INDICATOR BARREL THAT DOES | 
NEW BARREL — 
= TMAN OFFICE FOR 
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Outstandingly satisfactory performance at varying 
pressures in water flood installations throughout the 
country gives proof of quality. 


Al D Cc 4 e high speed—greater volume 
from more compact pumps. 
low maintenance costs—KOSMOS Porcelain Plungers 


Direct Flow and completely sectionalized fluid-ends reduce 


maintenance, material costs and down time. 


pu rr PS complete range of sizes—3” Triplex, 5” and 6” 
Triplex and Multiplex units permit optimum 
combinations of pumps with maximum 


for water interchangeability of parts. 


for corrosive service—fluid-ends available in stainless 


flood ing steel or aluminum bronze. 


Ask for proof of performance in any field. 


pump company - ++ Originators of the 


30 PINE STREET @ ALLENTOWN, PENNSYLVANIA 


Representatives: Bushnell Controls & Equipment Co, Inc.. 5137 West Jefferson Blvd.. Los Angeles 16, Calif. ¢ Cross Pump & Equipment Co. P.O. Box 889. Charleston 23, W. Va. « Lloyd T. 
Gibbs Co., 1021 Petroleum Bidg., Tulsa 3. Okla. « R. B. Moore Supply Co.. Bolivar, N. Y. « Walter Norris Engineering Co., Civic Opera Bidg.. 20 North Wacker Drive, Chicago 6, Ill. « Power 
Specialty Co., P.O. Box 6365, 2000 Kipling Street. Houston 6, Texas; The Suburban Bldg. Room 204, 5526 Dyer Street. Dallas6, Texas ¢ BG. Harmon Service & Equipment Co., P. 0. Box 309 
(Farm Bureau Bidg.), Carmi, lil. ¢ Stearns-Roger Manutacturing Co., 1720 California Street, Denver 2, Colo. e Export: Petroleum Machinery Corporation. 30 Rockefeller Plaza, New York 20. N.Y 


Direct Flow Spare Parts Stock— at Carmi, III, Houston, Los Angeles, Odessa, and Tulsa 
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LOOK TWICE 


Be sure you 
always get 
genuine 
0-C-T 
flowbeans 


AT THE ‘“LOOK ALIKES“‘ 


Most flow beans look a lot alike at a glance. The difference 
is more than “skin deep.” O-C-T Flow Beans, for example, 
are made of special analysis steel. Threads are accurately 
machined to API specifications. Orifices are precision drilled 
to assure uniformity in flow. O-C-T Flow Beans are held 
strictly to proration test specifications. The only way you can 
be sure that you get this uniformly high O-C-T quality is to 
always look for the O-C-T trademark when you buy. It is 
clearly stamped on the bean body. Specify O-C-T to your 
supply store. They are available through more than 700 sup- 
ply store locations. 


7 OUT OF 10 OPERATORS SELECT O-C-T FITTINGS 
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© 1953, Clark Bros. Co., Division of Dresser Operations, Ine, 


Illustrated is the 440 bhp Clark HMA-10 
“Midget Angle” factory-packaged, gas-engine- 
driven compressor station. 2, 4, 6, 8 and 10- 
cylinder models, either stationary or factory- 
packaged, are available in a range of 85-440 bhp, 
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FLARE 


waste or protit ? 


whether you inject it, sell it or process it 
Clark “Midget Angles” quickly turn it into profits 


Are you burning flare gas, or are you limiting your production 
because of inadequate compressor facilities to take care of it? 

Either way, you are losing dollars which could quickly be turned 
into profits with a Clark “Midget Angle.” It will pay for itself 
in less than a year! 

Completely factory-packaged compressor stations, Clark 
“Midget Angles” are ready to go to work the day you receive them. 
Radiators, scrubbers, starting equipment—everything is 
built-in. No excessive delays or outlays for elaborate foundations 
and buildings. Only a slab of concrete and a simple roof are needed. 

Perfect balance, a tough, rugged design, precision construction 
throughout — these are the Clark features that assure depend- 
ability and long life. You don’t have to “baby” or pamper a Clark 
Midget Angle! 

Performance-proved by over 600 field installations throughout 
the world, the Clark Midget Angle is the most practical com- 
pressor within its horsepower range for: field gas gathering, gas 
lifting, repressuring, flare gas elimination, recycling plant feeders, 
pipeline testing and many other uses. Your Clark representative will 
give you the facts and figures. Write for Bulletin 126. 


CLARK BROS. CO. © OLEAN, N. Y. 


DIVISION OF DRESSER OPERATIONS, INC. 
SALES OFFICES IN PRINCIPAL CITIES THROUGHOUT THE WORLD 


PRECISION BY THE TON 


compressors 


et tests at any level — 
= ail pipe! 


Test more than one zone with a 
single trip in the hole! 


Eliminate cost and hazard of 
setting on cement plug! 


Evaluate zones passed up 
while drilling! 


Pin-point gas/oil and water/oil 
contact! 


Save rig-time and money! 


BOTTOM 
PACKER 


Watch for more information on 
Johnston’s NEW... FIELD PROVEN 
SELECTIVE ZONE TESTER 


Write For Brochure 


JOHNSTON TESTERS 


first in drill stem testing 


HOUSTON, TEXAS al 


LOS ANGELES, CALIF. * CALGARY, CAN, 
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GUIBERSON 
PACKER 


for acidizing, flooding, fracturing and 
other below packer pressure operations 


The solid head packer you’ve been wanting 
a long time and at a price you'll be glad to 
pay. The AF is short, compact, strong and 
reliable in operation. Positive seal of pres- 
sure below the packer at any depth. Design 
features include friction pads, automatic 
latch and dove-tail slips and head. Special 
rubber has built-in ability to return to origi- 
nal shape. It will not vulcanize to casing wall 
and is acid, oil and gas resistant. Best of all, 
here is a packer you can handle— -in the well 
or out! Over-all length of 542” or 7” size is 


less than four feet! 


See this packer at your favorite supply store. 


ESTABLISHED 1919 @ DALLAS Ss. U. S. A. 


UIBERSON 
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IS ONE OF THE DRESSER INDUSTRIES 


MAGNET COVE BARIUM CORP., 
Houston, Tex., Malvern, Ark. 
Magcobar drilling mud, Mag- 
cogel bentonite, Mylojel, Fi- 
ber Seal, Jel-Oil mud. 


OBE 


CLARK BROS. CO. DIVISION, 
Olean, New York. Engines and 
compressors— gas, steam and 
diesel driven. 


An important member of the family of Dresser Industries 
since 1945, Kobe Inc. Division of Dresser Equipment Co., 
of Huntington Park, California, today plays a vital role 
in reducing operating costs for oi! producers everywhere. 
Kobe's hydraulic oil well pumping system, featuring the 
famous Free Pump, has revolutionized production tech- 
niques with resultant savings on labor and equipment costs. 


DRESSER MANUFACTURING 
DIVISION, Bradford, Pa. Oil and 
gas pipe couplings, fittings and 
sleeves—rolled and welded 
rings — welded fittings and 
flanges. 


KOBE, INC., DIVISION, Hunting- 
ton Park, Calif. Complete hy- 
draulic oil field pumping sys- 
tems, including the Kobe Free 
Pump. 
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No. 6 in a series about Dresser Industries 


RESSER 


The Dresser Plus is the extra service you get when you deal with 
any Dresser company. It is an added advantage for you which 
stems from Dresser’s unique overall organization. For Dresser is 
many companies with a single purpose—to provide the growing oil 
and gas industries with operating equipment that is second to none. 


Each company in the Dresser group functions independently 
within its own specialized field—yet each can draw from the total 
resources, in manpower, research, and know-how, of the combined 
Dresser operations. When you work with any of the Dresser 
companies, all of the facilities of Dresser are at your service. 


Planned, coordinated specialization—company by company— 
that is the DRESSER PLUS 


“one for all and all for one” 


Kobe's Free Pump, adapted from the original hydraulic pump- 
ing system, hydraulically “runs” and “pulls” the bottem hole 
pump, allowing pumper to handle pump changes without 
service crews or equipment required by other pumping 
methods. The advantages due to operating and installation 
cost savings are further amplified by many extra features 
which include positive paraffin control, easy and quick bot- 
tom hole pressure surveys and wide-range well regulation. 


STRIES, IMC. 


ND CHEMICAL EQUIPMENT 


ATLANTIC BUILDING * DALLAS, TEXAS 


ad 


PACIFIC PUMPS, INC., Hunting- ROOTS-CONNERSVILLE BLOWER SECURITY ENGINEERING DIVIS- 


IDECO DIVISION, Dallas, Beau- 
ton Park, Calif. Centrifugal DIVISION, Connersville, Ind. Ro- 1ON, Whittier, Calif., Dallas, Tex. mont, Tex. Derricks, draw- 
pumps, deep oilwell plunger tary positive blowers, gas pumps, Rock bits, reamers, casing works, rambler drilling rigs, 
pumps, hot oil and boiler centrifugal blowers, exhausters; scrapers, reamer rock bits, traveling blocks, rotary tables. 


feed pumps. positive displacement meters. coring bits, Securaloy. 
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CORROSION 
CHEMICALS 


Wherever metal meets crude, brine or water. . . 
Visco Anti-Corrosion Chemicals are the positive 
way to trouble-free operation. Whether your cor- 
rosion problems are in surface or sub-surface 
production equipment, pipe lines, refineries, gaso- 
line or recycling plants... there are proper Visco 
Chemicals for the job... backed by Visco Field 
Service Men who can give you experienced consul- 
tation on your particular corrosion problems. 


Ropycts © 


The Blue Drum with the Yellow Head — 
Sure Sign of Positive Corrosion Protection 


CALL YOUR VISCO FIELD SERVICE MAN FOR INFORMATION AND ACTION 


TEXAS (continued) 


CALIFORNIA Telephone 
Bakersfield 3-4209 
long Beach 396503 
Oxnard HU3-5437 

COLORADO 
Sterling 979-R 


ILLINOIS 
Olney 2-6441 or 2-8271 


KANSAS 
McPherson 1815 or 792 
Russell 530 or 850 
LOUISIANA 
lake Charles 3151 
Ruston 2364 
MISSISSIPPI 


Hattiesburg JU-3-1439 
Picayune 70 


visco 


NEW MEXICO _ telephone 
Hobbs 3-5922 


OHIO 
Toledo Klondike 7011 


OKLAHOMA 
Duncan 1589 
Oklahoma City Trinity 8-3192 
Sapulpa 2872-M2 
Seminole 532 


TEXAS 
Alice 4-6102 
Corpus Christi 5-0222 
El Campo 407 


Houston MA 5157 


INCORPORATED 
2600 Nottingham at Kirby 


Telephone 
Lubbock 4-7153 
Odessa 6-9802 
Tyler 4-7962 
Wichita Falls 3-7884 


WYOMING 


Casper 3-S111 
* * 


CANADA 
Calgary, Alberta 4-5597 


VENEZUELA, S. A. 


Caracas 3-3070 
* 


LABORATORIES 
Sugarland, Texas 230 
Long Beach, Calif. 2-1677 


PRODUCTS COMPANY 


Houston 5, Texas * Telephone MAdison 0433 


CONSISTENTLY EFFICIENT OIL FIELD CHEMICALS 
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No shallow 
teeth to 
fill up. 


Blade Blocks_ 

ore securely 
held safe 

from loss in 
the hole. 


Deep-set hard 
facing on 
sharp, long- 
lasting 
shearing 
edges. 


Proper__ 
direction and 
angle of shear 
on cutting 
edges insure 
positive 
shearing with 
no danger of 
“screwing 
down” post 
burrs. 


Here’s why 


after gun- 
@ perforating. 


e 
@ Burr sheared 


and casing 
@ clean after 
e ROTO-VERT 


was run. 


SCRAPING YOUR CASING 


“pays O {ft 


Springs 
hold 
scraping 
edges in 
positive 
contact 
with 
wall of 


Six Blade 


Blocks 
provide 
360-degree 
contact, 
ond 
stabilize 

or 
smooth 
rotation. 


Unless the inside of your casing—the vital “‘working surface”—is clean and 
smooth, there is always a possibility of trouble in future operations. Burrs 
from gun-shot perforations, hardened cement or mud, and even mill scale 
are all dangerous when the time comes to run testers or swabs, or to set 
retainers or packers of any description. 
The Baker Model “C’’ ROTO-VERT Casing Scraper removes undesirable 
obstructions from the inside of the casing, leaving it clean and smooth. Burrs 
or imbedded bullets are sheared away; cement, mud and scale are scraped 
away, so that any down-hole work can be safely done at once, or during the 
years to come. 

SCRAPE WHILE DRILLING OUT 
The ideal time to use the ROTO-VERT Casing Scraper is during the drill- 
ing out of cement, at which time it is run as a “follow-up” behind the bit. 
Thus in a single run you can also remove all hardened cement, mud, burrs 
and scale which might later damage swabs or testers, and cause packers or 
retainers to set prematurely —or never set at all. 


EASY TO RUN-LOW-COST RENTAL 
The Baker ROTO-VERT Casing Scraper is simple to run, and will effect- 
ively clean the inside of the casing when either rotated or reciprocated (verti- 
cal action ). No service man is required, and the low rental cost is paid for many 
times over by freedom from future damage to bailers, swab rubbers and 
packers, as well as by the elimination of future delays and re-running expense, 


BAKER OIL TOOLS, INC. 
HOUSTON * LOS ANGELES * NEW YORK 


Call Baker for consultation and service... 


BAKER 


CASING SCRAPER 


PRODUCT NO. 620-C 


| 
| : 
© Typical 
| e @ burr left 
' 
e 2 
e 
} 
| e 
* 
e 
=a 
of 
i 
| Aa : 
cme 
© 
¢ 7 
7 
casing. 
\ 
| 
ry 
4 
7 


FIXAFRAC—TEMPORARY PLUGGING SERVICE— 
AIDS IN MULTIPLE FRACTURING TREATMENT 


Production boosted from 2.3 to 65 BOPD: 


Fixafrac 


used to divert Stratafrac stages into different zones 


SANDSTONES 

CONGLOMERATES ' | 


FRACTURE 


JEL 
JEL x 630 WiTH SUSPENDED 


SAND 


| 


FIRST FRACTURE 
\ OR PERMEABILITY 


Initial production from this well, after acidizing, was 50 
barrels of oil per day. It declined over an 18-year period 
until “reduction had fallen to 2.3 Bopp. 

\t this point, the operator decided to call in Dowell to 
Dowell’s 
recommendation: a multiple fracturing treatment con- 
sisting of 1500 gallons of Stratafrac material and 300 


determine how to increase production. 


gallons of Fixafrac material. 

Dowell engineers performed the service, using Dowell 
trucks, equipment and fracturing materials. As a result 
of the treatment, the well swabbed 32 barrels of oil per 
hour for 7 hours, after treating materials had been 


recovered. On pump, the well produced 65 Bopp. 


Fixafrac is a temporary plugging service used between 
stages of Dowell fracturing and acidizing treatments 
to divert treating fluids inte different sections. The 
material used in Fixafrae service, Jel X 830, carries 
suspended solids which react after treatment causing 
the material to liquefy and flow back freely to the well 
bore. No jel-breaker solution is needed following the 
treatment. 

If you would like to know more about Fixafrac service, 
or any of the many other Dowell oilfield services, call 
the nearest Dowell office or write to Tulsa, Dept. D-15. 


DOWELL SERVICE 


Acidizing Fracturing Electric Pilot ¢ Perfojet 
Paraffin Solvents © Bulk Inhibited Acid e¢ Jelflake”™ 
Corban” ¢ Chemical Cleaning for Heat Exchange Equipment 

DOWELL INCORPORATED +» TULSA 1, OKLAHOMA 


A Subsidiary of The Dow Chemical Company 


“First in Oilfield Acidizing .. . Since 1932” 
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EDITORIAL 


NEW FACE FOR JOURNAL OF PETROLEUM TECHNOLOGY 


JOHN R. McMILLAN 


With this issue, we are pleased to present a com- 
plete new design for our Petroleum Branch Publication. 
A design such as this has precise considerations involved 
in the same way as the design of a pumping unit, and 
it also has some intriguing problems that can oniy be 
solved by the rendition of expert opinion. We believe 
you as a member will be interested in these factors 
and how they were handled in achieving this new 
design for PETROLEUM TECHNOLOGY. 


The primary considerations for the visual presenta- 

tion of material in a magazine are: 

1. The over-all appearance must be inviting and 
easy to read; 

2. The typography and layout must appeal to the 
audience to which the publication is directed; 

3. In the use of page space there must be a reason- 
able compromise between the presentation of max- 
imum text matter and the arrangement of ele- 
ments for readability and artistic effect; 

4. The various elements, such as the types of editorial 
material, must be arranged so as to achieve their 
functional purpose, along with a pleasing balance. 

In the past few years the Branch management has 

been aware of the fact that some of the above considera- 
tions could be improved in JOURNAL OF PETROLEUM 
TECHNOLOGY. Several months ago, the decision was 
made to proceed with such improvements, and a design 
artist of national reputation was retained to create a 
new design for the magazine. This designer was inti- 
mately familar with the purpose and scope of this maga- 
zine, and with the counsel of the branch staff proceeded 
to create a design that would achieve the desired result. 

He worked on the following assumptions: 

1. That petroleum engineers and men of science are 
on the whole conservative; 

2. They read JOURNAL OF PETROLEUM TECHNOLOGY 
for increased knowledge of their field and not for 
entertainment; 

3. They read the magazine more thoroughly and 
with greater intent than other types of publications. 

He expressed his views as follows: “Our page must 

reflect an inviting, yet conservative atmosphere .. . the 
engineer will naturally respond favorably to anything 
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CHAIRMAN 
PETROLEUM BRANCH, AIME 


that in his experience meshes properly, and to visual 
conditions that obey fundamental laws . . . he is annoyed, 
without knowing why, by irritating unbalance of lay- 
out, typography, and bad relationships of all kinds...” 

These views determined the way in which the artist 
observed the primary design considerations enumerated 
above. To achieve an over-all inviting appearance he 
selected a new body type that is easier to read; he 
selected new type faces for headlines, bylines, and 
titles of papers: he removed some of the typographica! 
elements formerly employed, and inserted pieces of 
art in various places to provide relief. A body type of 
minimum size for comfortable reading, and a narrower 
column width were chosen, along with layout factors 
to achieve the compromise expressed in consideration 
3 above. Consideration 2 was also involved, in that the 
typography chosen is of a classical or conservative 
nature, rather than the modern or gothic type faces 
used for other purposes. The various kinds of editorial 
material that we believe will produce optimum results 
in a well-balanced magazine for the petroleum engineer- 
ing profession were chosen and placed in a functional 
arrangement. The placement of advertising among these 
elements for maximum visibility was specified. Finally, 
a front cover treatment was selected that will endeavor 
each month to present something in the experience 0} 
the petroleum engineer that is technically accurate fut 
in a pleasing artistic form. 

Our purpose in creating this new design is to hel» 
the magazine do the best possible job in its particular 
field — the technical literature and professional func- 
tions of petroleum engineering. The Petroleum Branch 
is not a commercial publisher, and hence will not 
endeavor to publish such editorial matter as oil industry 
news, but will limit our pages to the material that 
properly falls within the scope of petroleum engineering. 
Our continuing objective in this will be to make the 
JOURNAL OF PETROLEUM TECHNOLOGY so good that the 
individual petroleum engineer will feel that he cannot 
afford to be without it. We believe this new design for 
its visual presentation will be a signficant step in 
this direction, and we believe you will like it. We invite 
vou to write and express your views on it, either pro 
or con, for the most progress will come by proceedine 
en a solid foundation of membership opinion. ake 
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FEATURE 


ARTICLE 


A CRYSTAL BALL for PETROLEUM ENGINEERS 


FRANK M. PORTER 


“If our oil resources should develop a declining trend 
in the coming years, what would be the impact on 
the petroleum engineering profession?” 


The possibilities suggested by this question are so 
cumerous and encompass so many ramifications that 
I shall attempt only to indicate in the most general 
terms the developments which conceivably may arise in 
the years ahead of the profession. 


Now, engineers by the nature of their calling are far- 
sighted men. This assemblage is as competent as any 
group in the world to demonstrate the improbability 
of any decline in petroleum reserves during our 
lives. It follows that any attempt to forecast the 
course of the petroleum engineering profession in a 
period of declining reserves necessarily involves a long, 
long look into the future and properly qualifies for 
my remarks the title, “A Crystal Ball for Petroleum 
Engineers.” 


In developing this theme, I have consulted no for- 
tunetellers or soothsayers nor do I lay claim to any 
such powers for myself. It seems the soundest approach 
is to project the future from the past record. The oil 
industry today, and particularly the production phase, 
is largely the handiwork of the petroleum engineer, 
and his influence increases yearly. Indeed, the basic 
premise for our discussion here, declining reserves, 
is im growing measure conditioned by the ingenuity 
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and professional competence of the engineer in recover- 
ing the maximum percentage of oil in place in known 
reservoirs, so that we can truthfully say the petroleum 
engineering profession to a marked degree holds its 
future in its own hands. 


History of Petroleum Engineering 


Ihe history of engineering in the petroleusn industry 
remarkably parallels the story of the profession of 
engineering throughout the ages. Despite the fact that 
engineering is the oldest profession — for our early 
ancestors were building structures and designing tools 
long before they had invented money or a code of 
ethics — engineers have had to reestablish their status 
in each new country and in each new field of en- 
deavor which has taken up engineering and industrial 
development. 

So in the oil industry, like any other great industry 
dealing in a necessary commodity, oil has passed 
through many stages in its development. From the 
Drake well in 1859 on into the twentieth century, oil 
production was in the hands of the practical oper- 
ators — men who had grown up in the oil fields and 
acquired their knowledge on the job. But as the industry 
grew, attracting more and more people, and more and 
mere Capital, the stress of competition put a premium 
upon better methods and equipment to produce more 
oil at lower cost. And thoughtful men early recognized 
the waste involved in rule-of-thumb production meth- 
ods. Thus the industry’s doors were opened to trained 
engineers. 
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It may be said that during the years from 1920 to 
1935 petroleum production entered the “engineering 
era.” Today, engineering sciences and techniques have 
been adopted in oil fields the world over, and the 
industry has arrived at the stage of its development 
where science, mechanics, equipment, and technically 
trained men prevail; where orderly development and 
production are keyed to the nation’s welfare, in the 
best interests of the industry and its customers. Thus 
from our vantage point in the year 1954, we see that 
in some 30 short years petroleum engineering has 
grown from the most rudimentary beginnings into a 
highly technical and complex branch of engineering, 
worthy of its place with the other great disciplines 
of the profession. Now, from the same vantage point, 
lets look at the years ahead. 


Future of Petroleum Engineering 


In discussing the future of petroleum engineering in 
terms of petroleum reserves, two aspects of the subject 
demand exploration: The factors acting upon our re- 
serves situation, and changing emphases in the oil 
industry and its engineering requirements. 

Faking it as axiomatic that there will be petroleum 
engineers as long as there is any petroleum, I would 
like to elaborate upon a statement I made earlier, that 
petroleum engineers hold their future in their own 
hands to a considerable degree. In essence, the oppor- 
tunities for and demands upon technical men in any 
industry can be measured by the number of problems 
to be solved. Taking this as a criterion, we can fore- 
cast abundant demands upon engineers in the field of 
oil production, for we are by no means anywhere near 
the point of having solved all our problems. 

Drilling, production, and conservation or reservoir 
mechanics are the major areas in which the producing 
industry uses engineers. 


Deep Well Problems 

Our engineers and scientists have developed equip- 
ment capable of drilling below 20 thousand ft, but 
they have been uaable to control the soaring ratio of 
drilling costs to depth of hole. As a result, very few 
wells are drilled below 15,000 ft. Even with all the 
medern improvements in drilling, we are still using 
a method containing many inefficiencies. Just think 
of the loss of energy involved in applying power 
to one end of thousands of feet of drill pipe in order 
to rotate a bit on the other end. Think of the work 
and time involved in hoisting up these thousands of feet 
of pipe in order to change the bit. On deep wells 
say 15-20,000 ft—a single round trip may consume 
10 or 12 hours. And, depending on rock conditions, 
one well may require a multitude of bit changes. 


A lot of study is being devoted to this problem, both 
in the laboratories of individual companies and through 
cooperative research programs. The ultimate goal is 
an entirely new approch to the problem of drilling. 
Some progress has been made, with the result that 
equipment may be ready for field testing within the 
next few years. A great deal remains to be done. Our 
success in developing economically permissive methods 
of finding and producing deeper horizons than any we 
have found to date may defer indefinitely any decline 
in reserves. 
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Related to this problem, of course, is the matte! 
of selecting drilling locations for these 4-mile wells. 
The geophysical methods now in use — the seismograph, 
magnetometer, and gravity meter — have been respon- 
sible for many of our major discoveries in the past 
20 years. But all three are lacking in one vital respect 
they do not guarantee that an oil reservoir does or 
does not lie under a given spot. There is plenty of 
room for research along this line. 


Reservoir Problems 


In production, we are working on ways to plug 
off unwanted water or gas sands without cutting off 
oil-bearing formations as well. Here again, progress 
has been made, most recently through the use of plastics. 
But most of the time our problem is one of opening 
up rather than closing formations, particularly at 
greater depths. The innovation of hydraulic fracturing 
methods has been a tremendous boon in opening up 
these tight sands, and has permitted recovery of much 
oil that would otherwise have been lost. But still, 
impermeability is a major obstacle to maximum re- 
covery and we need still better methods of dealing 
with it. 

As I mentioned, improvements in drilling equipment 
have enabled us to drill deeper holes in search of oil. 
But this deeper drilling has created a new set of 
problems in lifting oil to the surface. Hydraulic pumps 
and gas-lift systems have partially solved the problem 
of producing deep wells, but they aren't the whole 
answer. 


Conservation and Secondary Recovery 


All these problems are challenges to the petroleum 
engineer, and are important in extending the life of 
our known reserves. But over the long haul, the 
greatest hopes for maintaining our relative position 
with respect to our liquid oil deposits lie in the extensive 
research our industry ‘s conducting on conservation 
practices and secondary recovery methods. 

We are all too well aware of the wasteful production 
methods fostered by the law of capture during the 
rise of the oil industry. Today, we are doing consider- 
ably better, chiefly because conservation and secondary 
recovery techniques are applied early in the life of 
a field with consequent improvement in recovery effi- 
ciencies. For these improvements the industry is in- 
debted to the petroleum engineers. They have shown 
us the value of well spacing and the use of maximum 
efficient production rates. They have led the movement 
toward cooperation between the industry and the gov- 
ernments of the oil-producing states in establishing 
unitization laws and other conservation measures, and 
in the utilization of the forum provided by meetings 
of the Interstate Oil Compact Commission. 

Through research and the practical application of 
research in secondary recovery operations, reservoir en- 
gineers are providing us with the most certain source 
of additional reserves. Modern secondary recovery tech- 
niques, coupled with favorable market conditions during 
the past decade, have enabled us to bring new life 
to many old fields in which primary production had 
declined to a low level. Today, a great deal of research 
effort is being directed toward developing even better 
methods for secondary recovery. This research effort 
is along two general lines of investigation. 
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The first is directed toward improving the present 
techniques of gas repressuring and waterflooding to 
maintain reservoir energy. A new approach to repres- 
suring is high pressure gas drive, which is currently 
being field tested. In waterflooding, extensive research 
is being carried out on various wetting agents, additives 
which improve the displacement efficiency of water, 
and help to prevent encroachment. 


The other line of secondary recovery investigation 
is directed toward the development of new types ot 
reservoir energy. One is the method called “miscible 
fluid flooding.” There have been other ideas advanced 
at different times, some exhibiting considerable imagina- 
tion, such as the “microbe theory” which was publicized 
some years ago. This idea involved seeding the forma- 
tion with bacteria which would multiply and force the 
oil molecules out of the pore spaces in the rock and 
into the waiting oil wells. The process would have 
entailed practically no expense, and in fact had only 


one defect it didn’t work. 


Underground Combustion 


Perhaps the most promising new technique is that 
of underground combustion which is now being tested 
in the field by two or three companies. Theoretically, 
this process can achieve 100 per cent displacement of 
the oil, though from 5 to 15 per cent of the reservoir 
oil will be lost through combustion. A great deal 
is at stake in these research projects, since a few 
percentage points in recovery eificiency over our present 
average could well be the equivalent of adding to our 
proved reserves another field even as large as East 
Texas and without the attendant costs of exploration 
and development. 


Those, very briefly, are some of the major areas which 
challenge the petroleum engineer today, though they 
by no means represent the complete list of problems. 
They involve billions of dollars of revenue to the 
industry, and more important, billions of barrels of 
what I believe to be our most precious natural resource. 
That is why I say that petroleum engineers hold their 
future in their own hands. Their success in solving these 
problems will determine their tenure in the industry — 
and will determine the course of the industry itself. 


The Unavoidable Decline 


Nevertheless, you may contend that all these argu- 
ments are begging the question — that no matter how 
distant the date, some day we must inevitably and 
unavoidably enter upon the phase of declining reserves 
of oil. So tar the industry has been, aad will be for the 
foreseeable future, a real-life illustration of the mythical 
Cornucopia — the horn of plenty — which could never 
be emptied, no matter how much was poured from 
it. But oil is no myth. The day is bound to come when 
we will begin to use more oil than we can replace. 
That may be several generations away, but there are 
some who even now believe that we can demonstrate 
mathematically the finite limits of the total quantity of 
natural crude petroleum that we can hope to recover. 
As that time begins to make itself known, synthetic 
fuels programs will increase in intensity and undoubtedly 
fill the gap between anticipated demand and supply. 
The industry has every confidence, of course, in its 
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ability to do this. The known factors with respect to 
synthetic fuels and the necessary raw materials — coal 
and shale, constitute one of the strongest rebuttals of 
prophecies of an oil shortage. 


Synthetic Fuels 


It is entirely conceivable, however, that long before 
we actually need to resort to the extraction of oils from 
coal and shale, other and newer sources of power will 
have made the need superfluous. I do not intend for 
this remark to give anyone the idea that I think 
we should abandon the synthetic fuels program — quite 
the contrary. It would be most unwise were the 
industry to postpone the development of synthetic fuels 
until the need arises even if competition would let us 
do so. If anything, we should step-up our research into 
synthetics. What I am referring to is the possibility that 
developments outside of our industry may affect our 
market for home-heating fuels and also commercial 
heating. Periodically we hear of experimental work on 
solar furnaces as a source of heating energy. This is a 
field about which | know nothing, but I do know that 
research men werk wonders and it may well be that 
they will find a way to reduce the solar furnace to 
useable size and to keep it working on cloudy days 
and cold winter nights. 


Atomic Energy 


Atomic energy has, of course, become a very much 
discussed subject, and who can say that way down in 
the future some other new completely unheard or un- 
thought of medium might not also interfere with the 
heating-oil portion of our present demand. The cost 
of these newer mediums will, of course, affect the 
rate by which our fuel market might be reduced. 
However, it seems pretty well agreed, even at this 
time, that atomic energy will probably never replace 
liquid fuel in the propulsion of our many automobiles 
and transport units of that type. 


A considerable amount of basic research in com- 
mercial uses of atomic energy apparently has already 
been done. It may be that widespread use of the atom 
in industry is nearer than we know. The English have 
already stated publicly than in 10 or 20 years all their 
energy requirements will be exerted from the atom. 
Certainly I cannot argue with this prediction although I 
see certain problems involved in such rapid obsolescence 
of capital investments in equipment powered by our 
present fuels. 


Petrochemical Business 


As you well know, the oil industry is even now doing 
a very considerable business in petrochemicals, and 
is supplying approximately one-half of the basic raw 
material which other units in the chemical industry 
convert to marketable products. The percentage this 
represents of our total crude oil use still remains very 
small. Yet the relative growth of the petrochemical 
industry in recent years has been nothing less than 
amazing. 

A couple of years ago we were saying that over 
1,200 products were made from petroleum. I do not 
know whether anyone has made a more recent count, 
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but I suspect that figure has increased sizeably since 
then. It is believed that about 2,500 different chemicals 
can be extracted from oil and gas. It has been esti- 
mated that one and a half million different compounds 
may be obtained if commercial uses can be found 
for them. You can see that we are just beginning our 
research into potential uses of petroleum. It can, there- 
fore, be said that certain future development may greatly 
change the nature of the demand for the products ot 
petroleum. 

Since its earliest beginning our industry has been 
a dynamic changing enterprise. The shape of things 
to come portends even greater change in the years 
ahead. We are going to be busier than ever trying 
to keep up with ourselves. The day has passed when 
any business, especially the oil business, can be made 
to conform to a fixed pattern. Research in any business 
or industry is the fact-finding agent of scientific and 
common sense management. It offers protection against 
obsolescence and it is as much a part of a sound 
business program as accurate intelligence is in military 
planning. 


A Prophesy 


I prophesy that with our abundant reserves and the 
large number of untested areas known to be favorable to 
the accumulation of natural petroleum, and our knowl- 
edge of the ability to synthesize cost and to extract oil 
from shale, petroleum will be available and will continue 
to play a major part in supplying this country with 
ever-increasing portions of its energy requirements. But 
granting that solar heating and atomic power do arrive 
on the scene more prominently, and are available at 
a cost that is relatively more attractive than petroleum 
fuels. I foresee no need for the petroleum engineer 
to become disturbed. And further, since he is of neces- 
sity a “Jack-of-Many-Trades” in an engineering sense, 
what industry would be better equipped to move into 
these new spheres of fuel supply than this far-seeing 
petroleum industry that we are all a part of. Our 
industry has attained leadership in energy-fuel supply, 
and unless I miss my guess by a very wide margin, 
it intends to retain that leadership. 

Since the petroleum engineer borrows his skills and 
techniques from all fields of the profession — mining, 
civil, mechanical, chemical, electrical, and all the rest, 
he is in a position to change his stripes as the occasion 
requires, but whatever his engineering branch may be, 
he lives up to the words of a famous English engi- 
neer of 150 years ago when he defined the engineering 
profession as “The art of using forces and materials of 
nature for the use and convenience of man” — to which 
I would like to add “however he may be called upon 
to do so.” Therein, I believe, lies the answer to the 
future of petroleum engineering and indeed to any 
branch of engineering. 
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It it is true, as I have said at the beginning of these 
remarks, that the industry today is in large measure the 
handiwork of the engineer, it is no less true that the 
petroleum engineer is a product of our industry, and, 
being the basically well-founded individual he is in 
broad engineering science, his functions and responsi- 
bilities will change within its structure as the industry 
changes. So, if, as, and when the petroleum industry 
should lose part of its fuel market to other sources of 
energy more attractive to consumers, and the industry 
moves further down the road to diversification of prod- 
ucts, and if petrochemicals do become more important 
in the picture, which transformation some individuals 
already believe has begun, the petroleum engineer will 
go along with, and as part of that transformation. 

About the time the first petroleum engineers were 
beginning to show up, the carriage industry was invaded 
by a new arrival — the automobile. It wasn’t too long 
after that that the buggy designer and the blacksmith 
were becoming automobile body stylists and tool-and- 
die makers. 

Now there are a great many automotive engineers 
and automotive mechanics. Some of them can. still 
remember the days back yonder when they were 
putting the fringe on = surreys or retreading horses’ 
hooves. Yes, their titles and functions have changed 
but basically they are serving the carriage trade —- which 
has itself grown to include over 75 per cent of American 
families. 


Summary 


I find, in summary, that I cannot answer the posed 
question except on hypothetical grounds. As a hypo- 
thesis, a declining trend in the reserves of natural crude 
petroleum would, I imagine, result in declining oppor- 
tunities for petroleum engineers after they had 
exhausted, with their friends the geologists, all possibili- 
ties of halting that trend. But then would come the 
synthesis of coal and the extraction of oil from shale 
and oil sands, and probably an expanding need for 
general engineering knowledge. Practically, however, | 
honestly cannot envision declining opportunities for 
petroleum engineers because I do not think anything 
like that will ever occur as long as there is a need for 
petroleum. 

Change and time alter all things, just as it has, 
and is still altering, the character of the petroleum indus- 
try, and just as it has altered the character of all of 
man’s institutions. Just so will this same process of 
change at some distant date alter the functions and per- 
haps the titles of what we now call petroleum engineers. 
This process of change and development is the challenge 
ef competition in a free economy. In it is the hope, 
but never the threat, of the future. Alafia 
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Introduction 


The tact that proved crude-oil reserves, as reported 
by the American Petroleum Institute, have shown a 
steady increase is completely satisfying to some as 
regards future supplies. Some look into the situation 
a little deeper and conclude that because years’ supply, 
or the ratio of reserves to demand, has not shown much 
change in the last 15 years that there is no cause for 
concern. Both groups disregard, or are ignorant of the 
fact, that the 10-15 years ago were esti- 
mated on an extremely conservative basis, as evidenced 
by the billions of barrels in “revisions” that have been 
added to reserves in the last eight years.” These re- 
visions do represent reserves to be produced in the 
future, but the majority of them are not real discoveries 
and, in general, have little relationship to drilling, past 
and future. 


reserves of 


Some drilling superintendents are considerably wor- 
ried as to where to locate future development wells. 
They are more interested in acres than in barrels of 
reserves, which focusses attention on the fact that the 
time has arrived to look into acreage reserves as well 
as oil reserves. Perhaps acreage has become, or will 
soon become, more of a limiting factor on drilling 
than reserves and all the other factors of price, steel, 
etc., put together. 

As with all segments of the industry, except possibly 
distribution, the statistics bearing on drillable territory 
do not measure up to the over-all importance of petro- 
leum. Fortunately, the Petroleum Branch of the Amer- 
ican Institute of Mining and Metallurgical Engineers 
has preserved and improved its annual data on wells 
and acreages by pools, and the American Association 
of Petroleum Geologists has compiled valuable informa- 
tion on the results of exploratory drilling. 

Evaluation of the data available and the labor 
involved led to a decision to examine the relationship 
of reserves to drilling for two states, California and 
Pennsylvania, and for the United States as a whole, 
and to analyze the acreage data for Arkansas. 

*API reserves start with Jan. 1, 1957; API revisions began in 1945. 


This article is an independent study and does not necessarily reflect 
the viewpoint of the Office of Defense Mobilization 
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Reserves versus Wells 


for the two selected states 
follows in millions of 


The reserve data (API) 
and the United 
barrels: 


States are as 


United States 
19,942 


27,468 
27,961 


California Pennsylvania 


3,318 
3,761 
3,854 

In the seven-year interval, reserves in California have 
increased 16 per cent, in Pennsylvania 10 per cent, and 
in the United States 40 per cent. The largest increase, 
that for the United States, does not indicate a falling 
off in places to drill until it realized that it is consider- 
ably less than the gain in the drilling rate. Furthermore, 
a large part of the increase in reserves has come from 
revisions Of previous estimates, which on a net basis, 
add comparatively little to drillable acreage. The API 
does not publish the figures on revisions by states, but 
these data for California are available and it can be 
assumed that “extensions and revisions” for Pennsyl- 
venia are all revisions. The breakdown for these two 
states and the United States for the six years 1946- 
1951 is as follows in millions of barrels: 


TABLE 1 — BREAKDOWN OF STATISTICS OF 1946-1951 


U.S California Penn 


19,199 
2.929 
9,146 
7,124 

11,675 
7,524 


Total reserves ‘ discovered 
By new fields and pools 
By extensions 
By revisions 

Production 

Net increase in reserves 

Net increase in ‘reserves 
without revisions 400 


“Nibbling” 

Had it not been for the reserves added by revisions, 
production could not have been met by a_ large 
margin in California, not at all in Pennsylvania, and 
only by a small margin in the United States. This illus- 
trates how important the revisions have been in recent 
years. Although many of the revisions reflect larger 
estimates for acreage and for per acre recovery, some 
are the result of what has been referred to as “nibbling.” 
Nibbling refers to the practice of stepping out a loca- 
tion or two, but not far enough so that resultant dis- 
coveries are Classed as extensions. 
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2,446 58 
269 
663 
1514 58 
2.004 73 
442 15 
1,072 73 
{ — 


On the other hand, revisions made to reflect recovery 
technology and higher prices might increase the num- 
ber of drilling locations. Thus upward revisions in a 
stripper state like Pennsylvania probably reflect the 
spread of secondary recovery, which generally means 
the re-drilling of wells. All the revisions related to 
technology and economics are not positive ones, for 
example, recent evaluations of costs in the Spraberry, 
Tex., field have resulted in a downward revision in 
reserves and a large decline in the number of wells 
contemplated. 

There is another class of revisions that could result in 
an increase in drilling locations. That is revisions made 
to include the reserves of producing formations, usually 
shallower, that were passed up in the initial develop- 
ment. This oil was not listed as “discovery” when 
first drilled through, but now that it is being pro- 
duced it must be included in the reserves as a revision. 
Such revisions are important at this time in Kansas, 
Oklahoma, and Texas, where drilling of shallower 
formations has been a major factor in raising total 
U. S. completions to new heights, and in reversing the 
trends for average depth and ratio of dry holes. 


Reserve Per New Producing Well 

The reserve per new producing well for the United 
States is now known, but generally speaking it must 
be at least 100,000 bbls to yield a profit. Dividing 
this into the total new reserve of 12,075,000,000 bbls, 
that was found in the six years (see table above), gives 
120,750 as a rough measure of the number of new wells 
that could be drilled in the new territory. However, 
about 211,000 wells, exclusive of gas wells, were ac- 
tually drilled in the United States in the six-year period. 
The difference of about 90,000 wells includes many 
thousands of dry exploratory wells drilled outside of 
established reserves, and thousands drilled on the edges 
of established pools, but the major portion represents 
wells drilled in the older fields under closer spacing. 

A similar analysis for California and Pennsylvania 
shows relatively worse situations. 

Total Reserves (Bb! 


Calif. Penn. 


3,318 000,000 111,000 000 
3,761,000,000 95,000,000 


Jan. 1, 1946 
Jan. 1, 1952 


Producing Wells Reserves per Well (Bb! 
Calif. Penn. Calif Penn 


23,180 83,200 143,000 1,300 
29,630 78,800 127,000 1,200 


For California, the average reserve per well of 
135,000 bbls, divided into the total new reserve of 
932,000,000 bbls, gives about 6,900 new locations: 
however, there were 13,149 wells, exclusive of gus 
wells, drilled in the six-year period. 


In Pennsylvania there were virtually no new reserves 
discovered, hence few primary locations were added. 
In the six-year period there were nearly 7,500 oil 
wells completed in Pennsylvania, most of them pro- 
ducers under the five-spot method of secondary re- 
covery. The expansion of secondary recovery continually 
provides a new quota of drilling locations, but the over- 
all number is limited by depths and other factors and 
the quality is second-rate. 

The average reserve per producing well for Pennsyl- 
vania of about 1,250 bbls is worthy of comment be- 
cause of its small size and because of its relationship to 
continued revisions in reserves. Assuming that these 
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stripper wells continue to be operated, the average future 
production should total at least three times that figure. 
If so, the cumulative revisions for the future in Pennsyl- 
vania would total about 200,000,000 bbls or double 
present reserves. 


Acreage versus Wells 


The other basis for measuring the trend in number 
of drilling locations is in terms of acreage. This should 
yield a better answer than the reserves method as there 
is a direct relationship between acreage and drilling. 


The acreage available tor drilling may, for the pur- 
pose of logical presentation, be divided into the follow- 
ing classes: 

1. Inside acreage 

2. New fields and pools 

3. Extensions 

4. Formations initially passed up 


5S. Secondary recovery 


Inside Acreage 


There is considerable undrilled acreage within many 
of the older fields of this country but the extent is 
unknown. Even though it were possible to count this 
acreage, it would not be valid to translate the total 
into future wells by using an average spacing factor, 
as the rise in development costs has made most inside 
drilling uneconomic. The demand for crude oil in the 
last 10 years, particularly the demand during World 
War II, smoked out considerable of the best inside acre- 
age, including considerable fee acreage in California. As 
regards the remainder, the longer the existing wells are 
allowed to drain some of the oil from under the inside 
locations the less likely that these inside locations will 
ever be drilled. The fact that it would “take a thousand 
years to fully exhaust some fields” with the existing 
widely-spaced wells, does not mean that many of the 
inside locations are being held in reserve. Several con- 
ditions, mostly economic in nature, have to be favor- 
able before an inside location is drilled, meanwhile, ris- 
ing costs and competition of other sources continually 
make it more unlikely that it will ever be drilled. 


National Acreage Data 

Although statistics on inside acreage are generally 
unavailable, it was decided to look into the national 
acreage data to a limited extent. 

Forty of the largest fields discovered in 1936 had 
a total of 883 completions in 1941 as compared with 
123 completions in 1946 and 90 in 1951. The total 
completions for the group as of the end of 1941 and 
1951 were 8,732 and 10,273, respectively. The trend 
of these data indicate that the ultimate number of pri- 
mary completions for this group of fields will be about 
10,750 and that beginning Jan. 1, 1954, there will be 
only about 325 locations that will be drilled in the 
future, say in the next 13 years to 1966. Although 
drilling for the group was extended over a long period 
of time (30 years), 81 per cent of the wells were com- 
pleted in the first four to five years. This would not 
indicate any tendency to hold back development, that 
is, to put inside acreage in mothballs. 

Forty leading fields discovered in 1946 had 343 com- 
pletions during 1951, compared with 883 completions 
in 1941 for the 40 fields discovered in 1936. Further- 
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more, the 1946 group had a cumulative total of 2,774 
completions in the first five years, compared with 
8,732 completions for the 1936 group. The striking 
contrast in these figures merits further consideration. 


A Comparison 


Every oil field is different and it would not be proper 
to compare one discovery in 1936 with one discovery 
in 1946. However, there is a general comparability for 
groups of 40 fields, particularly when each group con- 
tains virtually all of the largest discoveries in the year 
selected. Therefore, the fact that the 1946 group, when 
compared with the 1936 group, had only 39 per cent 
as many completions in the fifth year, and 32 per cent 
as many completions in total at the end of the fifth year 
can be taken as proof of what has been generally evi- 
dent for some time, namely, that the newer discoveries 
are smaller and the wells are wider spaced. To confirm 
these general conclusions the spacing data for the two 
groups were studied with the following results: 

40 1936 Discoveries 40 1946 Discoveries 


Acres, end of 1941 143,225 
Acres, end of 1951 81,705 
Completions. end of 1941 8,732 
Completions, end of 1951 - 2.774 
Acres per well 16 29 

The principal conclusion that can be drawn from the 
above is that whereas thousands of drillable inside loca- 
tions still remain, they are mostly to be found in the 
fields more than 25 years old. The new acreage added 
to the reserve has been getting smaller each year, making 
it necessary to exhaust the inside locations of the older 
fields at an increasing rate. 


New Fields and Pools 

The acreage of new fields represents the virgin, 
hence the preferred iype of addition to drillable ter- 
ritory. The acreage of new pools is a less preferred 
type as it is rare that drilling in a new pool is as 
dense as it was in the initially discovered pool of the 
same field. This is due partly to dual completions, but 
mainly to the fact that the best pools are generally 
found first and are generally shallower in depth. 

Most new fields and pools are found close to refineries 
and pipe lines, but some, like those in the Williston 
Basin, are on the frontiers. As far as drilling 1s con- 
cerned, the only differences are that the wells on the 
frontiers are wider spaced and are completed at a slower 
pace. 


Extensions 

An extension is a lateral discovery which adds acre- 
age but not drilling sites in the same proportion. This 
is because extensions are generally made on the flanks 
of the main structure where the reserves per acre are 
below the average. Also, edge wells are generally deeper 
and more expensive, hence are wider spaced. 


Formations Initially Passed Up 

During the intensive development of the last 30 years 
many pools were passed up in the search for the bo- 
nanza. As many of these pools were relatively close 
together and of the same gelogical age, it could be 
said that the whole formations over wide areas were 
passed up. 

In recent years the necessity of finding new reserves 
has made these areas more attractive for drilling, par- 
ticularly in Kansas, Oklahoma, and North Texas, where 


the stratigraphy is favorable. Drilling in these passed 
up areas, where the formations are generally shallower, 
is believed to be playing an important part in current 
drilling trends, such as a record number of completions, 
a decline in the average depth of completions, and a 
decline in the percentage of dry holes. Both of these 
declines reversed trends that had prevailed for several 
years. 

The increases in the price of crude oil starting early 
in 1953, plus continued technological improvement, 
have spurred the development of passed up areas 
though it is doubtful if these wells are as profitable 
today as they would have been 25 years ago. In any 
event, a considerable acreage has been thrown open 
for drilling. It should be borne in mind, however, that 
these wells will be second-rate wells and that acreage 
available for this type of scavenger operation exists 
only in a small number of states. 


Secondary Recovery 

Secondary recovery is another type of scavenger 
operation, different from that described above only in 
that the production is not primary. Where present wells 
are in poor condition or poorly spaced, it is necessary 
to drill new wells for injection and production. 

Potentially, secondary recovery Opens up a vast area 
for the drilling of shallow wells of 1,000 to 3,000 ft 
in depth. However, the wells are third rate with a 
low margin of profit. Increased cost and competition 
with other sources of oil could keep this type of drilling 
from increasing much beyond the present level of 
several thousand wells annually. 

The best way of measuring the trend of drillable 
locations should be the direct method, that is, a com- 
parison of the acreage added by discovery with the 
acreage used up in drilling. However, with 5,000 to 
10,000 oil fields to consider and the acreage statistics 
lacking on many of them, the problem on a national 
basis would be most formidable. Fortunately, the 
AIME has compiled annual data by fields and pools 
for most of the states. Of these states, Arkansas was 
selected as the test case to measure new acreage 
versus drilling in the years since the war. The pertinent 
data developed for Arkansas for the period 1945-52 
are as sndicated in Yable 2. 

As indicated in line 7 of the table, there appears to 
be a recent decline in the annual number of surface 
acres added. On the other hand, the number of wells 
drilled has generally increased, hence the surface 
spacing factor (line 3) declined from 14.5 acres on 
Jan. 1, 1950, to 13.9 acres on Jan. 1, 1952. 


Subsurface Acreage in Minor Pools 


The discovery of what might be termed subsurface 
acreage in minor pools appears to have increased in 
Arkansas in recent years. Subsurface acres re resent 
the acres in minor pools that generally lie below the 
major pool on which the surface acreage of the field 
was based. However, these pools are smaller and 
generally deeper, hence the well spacing is much wider 
— about twice as wide — for profitable operations. 
In other words, the discovery of numerous deep 
pools in the Cotton Valley and Smackover formations 
in Arkansas adds relatively little to drillable acreage. 
This is particularly true of that part of the Smackover 
formation known as the Reynolds zone, which pro- 
duces gas or condensate in most fields. 
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TABLE 2 — NEW ACREAGE VERSUS DRILLING DURING 1946-1952 PERIOD IN ARKANSAS 


1946 

1. Surface acres first of year 101,756 
2. Cumulative oil wells drilled to first of year 7,342 
3. Surface spacing on first of year (acres 13.9 
4. Oil wells drilled during year 118 
5. Surface acres added during year from new fields 240 
6. Surface acres added during year from poo! extensions 2.049 
7. Total surface acres added 2,289 
8. Subsurface acres added during year from discovery 

of new pools 520 
9. Subsurface acres added during year by extensions 

of minor pools 404 
10. Total subsurface acreage added** 924 


* Not available. 
‘*Exclusive of extensions in primary pools included in line 6 


Of all the producing states west of the Appalachians, 
Arkansas appears to be the most hemmed in as regards 
exploration. Wildcatting cannot spread east, south, and 
west because of state boundaries, and, a radical change 
in geology in the center of the state makes oil occur- 
rence in the northern half of the state virtually impos- 
sible. Deeper exploration has been fairly successful 
in recent years but the base of the favorable sedimenta- 
ries appears to have been reached in most fields. This 
basement is only in the Jurassic, a comparatively young 
formation, but the Palezoic geology below is complex 
and, even if solved by drilling, would probably yield 
nothing but small gas fields. 

Arkansas is living off its fat as far as drilling is 
concerned and only has several thousand drillable 
locaticns left. Spurts in drilling, as in 1953, will speed 
the eventual decline in drilling. 

So far the discussion has been confined to develop- 
ment drilling. Exploratory drilling in Arkansas, which 
has amounted to about 30 per cent of all drilling in 
recent years, will probably show an even faster decline, 
as the geology of the state leaves little room for con- 
tinued expansion. 


California Situation 

It was the original intention to make the same study 
of acreages in California as was done for Arkansas. 
This idea was abandoned both because of lack of data 
and the size of the job. However, some information was 
prepared for California without too much difficulty by 
segregating 30-odd large fields which have close to 
80 per cent of the reserves. 

As of Dec. 31, 1951, this group of large fields had 
a total surface area of 247,000 acres and nearly 25,000 
producing oil wells. This indicates a spacing of about 
one well for every 10 acres; however, indications are 
that total completions in this group of fields totaled 
about 35,000, or a spacing of 7 acres per well. 
However, these spacing factors are poor indicators as 
to undrilled Iccations as they give no consideration to 
the subsurface acreages of underlying pools. 


1947 1948 1949 1950 1951 1952 
104,045 107,717 111,730 115,535 116,150 117,797 
7,460 7,653 7,804 7,983 8.245 8.491 
13.9 14.1 14. 14.5 14.1 13.9 
193 151 179 262 246 220 
160 920 320 605 480 : 
3,512 3,093 3,485 10 1,167 3 
3,672 4,013 3,805 615 1,647 
380 100 690 920 2,220 
1,694 880 267 565 378 ° 
2,074 980 957 1.485 2,598 : 


Drilling in the group has been declining slowly: 
in 1951 there were 1,023 completions compared with 
1,207 in 1947, Total reserves of the state on Dec. 31, 
1951, were 3,761,000,000 bbls, of which 80 per cent 
for the group amounts to 3,009,000,000 bbls. Thus each 
average new well drilling in the large fields on that 
date was headed for 86,000 bbls of crude-oil reserves. 
This average does not appear large enough to support 
much drilling until it is realized that these fields are 
comparatively shallow, the dry-hole ratio is low, and 
the reserves will be revised upward by continued 
revisions. 


Conclusions 


Although Arkansas with its restricted territory can- 
not be called a typical state, it is at least indicative of 
what must eventually happen to drilling in all states. 

Spurts in drilling in the United States, such as have 
occurred since the middle of 1953, will probably occur 
again from time to time, but they only serve to speed 
the eventual decline. It is not possible to predict the 
peak of drilling as that depends on two unknowns, dis- 
covery and inducement. Since the work on this paper 
was started, data on drilling in 1953 have become avail- 
able. According to the AIME statistics, there were in 
excess of 49,000 wells completed in 1953, as compared 
with the expansion goal of 55,000 wells, sponsored by 
the Petroleum Administration for Defense. Over the last 
three months completions have averaged just over 1,000 
per week. Such a rate put 55,000 wells within the range 
of probability, but is considerably below the 65,000- 
well level, tentatively proposed for 1955. 

Sufficient steel and a satisfactory price have been 
considered as the chief determinants for drilling. Steel 
is not a problem except in emergencies. A crude price 
rise would increase the number of drillable locations 
but too much of an advance would stimulate competing 
sources of oil, imports and synthetics. In the mean- 
time a physjcal factor, acreage, may prove to be more 
controlling as regards the trend in drilling than the 
economic factors. kik 
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JOE B. ALFORD 


With this issue we inaugurate a column to be 
published monthly in JOURNAL OF PETROLEUM TECH- 
NOLOGY under the above heading. It will be patterned 
somewhat after “The Drift of Things,” a column 
formerly written for AIME magazines by Edward 
H. Robie, Secretary of the Institute, and it will also 
replace the column we have written during the past 
year or so titled “Petroleum Branch Affairs.” 

We have no illusions about doing as good a job 
with this column as Secretary Robie did with the 
“Drift.” His column was one of the most popular 
features of Institute magazines, and it has been missed 
hy members since the press of other work forced 
him to discontinue tt about two years ago. The pri- 
mary purpose of the monthy “Report” will be much 
the same however, in that we will endeavor to report 
on topics of interest within the Institute, the Branch, 
and the profession, and to give these topics some 
interpretation when such is called for. Ours will not 
he an “ivory-tower” essay on the chosen subject, 
but more of a factual analysis of it, with the expres- 
sion of a conclusion when appropriate. We will 
normally write the “Report” but on occasion will 
invite other members of the staff and the Institute 
to contribute a column. Our entire purpose is to 
inform the membership on matters of interest. We 
will welcome your suggestions on subjects that you 
would like to see covered here. We believe that this 
monthly report is needed, and will endeavor to 
make it something of value to you. 


Publishing a Balanced Magazine 

At various times we have been asked by members 
why it is necessary to publish so much material of a 
highly technical nature in JOURNAL OF PETROLEUM 
TECHNOLOGY — why not make it more practical. At 
other times, other members have asked why it is neces- 
sary to publish such things as an editorial and general 
reviews — why not leave such material out and use 
the space for good technical papers on_ reservoir 
engineering. 

We do not wish to imply criticism of either view. 
Each has its place. But the fact that such diametrically 
opposed views are held by members of the Branch 
necessitates a publishing program that will give some- 
thing to both, as well as the additional viewpoints in 
between. 

These considerations were the basis for selecting the 
elements that we believe will constitute a balanced 
magazine for the entire membership. The elements are 
arranged in a functional order in the new design for 
PETROLEUM TECHNOLOGY launched with this issue, and 
this template will be followed in future issues. 

As John R. McMillan stated in his editorial in this 


REPORT and INTERPRETATION 


EXECUTIVE SECRETARY 
PETROLEUM BRANCH, AIME 


issue, we will endeavor to do the best job we can 
with the technical literature and professional functions 
of petroleum engineering, and will limit our pages to 
material within these fields. For instance, we do not 
have the staff or the space to cover oil industry news 
so we will not publish a news page or department. 
The editorial material which we will publish each 
month is as follows: 

Editorial: A single page will present an_ editorial 
written by an outstanding person in industry, an AIME 
member, officers of the Branch, or Institute staff mem- 
bers. These editorials will express the opinions of the 
writers, and will have no official endorsement as such 
from the Branch. Their purpose will be to present 
different points of view on topics of interest in order 
to stimulate thought and discussion. The page will 
be open to any member who wishes to express himself. 

Feature Articles and Technical Notes: Eight to ten 
pages will be devoted to editorial material in these 
two forms. The feature articles will be of more general 
interest and a more practical nature than the customary 
transactions paper. The technical notes will be short 
presentations of technical material that is newsworthy 
or unique. This material will be selected by the General 
Editorial Committee of the Branch. 

Report and Interpretation: Explained above. 

Transactions: The fundamental purpose of the maga- 
zine is to distribute to the membership the perma- 
nent literature of the profession in the form called 
Transactions. Hence, this section will comprise about 
30 pages in each issue, with the papers appearing in it 
being selected by the Transactions Editorial Committee 
of the Branch. The type from which this section is 
printed is kept standing, and currently an additional 
5,000 copies of this section is printed from it for the 
annual Transactions volume. 

Meet the Authors: A new feature to give proper 
recognition to those members who write the literature 
of the profession. 

Branch and Institute Affairs: Several pages will 
carry news of the Institute, the Branch, Local Sections, 
individual members, and news briefs of professional 
interest. In addition, this section will publish those pro- 
posed for membership, and employment notices. 

Advertising will be placed in between these various 
sections to achieve maximum visibility to the advertiser, 
and to provide ease of reading. Advertising has its edi- 
torial nature, and will be of interest to most readers. 

Although this publishing program is not completely 
of an omnibus nature, we believe it will provide some- 
thing of interest to everyone engaged in petroleum engi- 
neering. We believe this is necessary if the profession is 
to achieve its maximum potential development on a 
long range basis. 
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ABSTRACT 


The study of the influence of fluid mobilities on 
the sweepout pattern resulting from the injection of 
gas or water has been extended to cover the production 
period which follows breakthrough of the injected 
material. Mobility ratios over the range common in 
field operations (0.1 to 17) were studied for several 
pattern floods (five-spot, staggered, and direct line drive). 
The experimental data required for these studies were 
obtained by the use of the x-ray shadowgraph technique 
using miscible oil phases of different viscosities in 
porous plate models of a reservoir element. From the 
shadowgraph pictures obtained before and after break- 
through of the injected fluid, flowing ratios at the 
producing well and cumulative volumes injected were 
calculated. 


The method for applying such data in predicting field 
behavior is illustrated for a water flood of a five-spot. 
For this case a range of mobility ratios of 0.5 to 5.0 
results in: (1) nearly complete (95 to 100 per cent) 
sweepout pattern efficiencies at abandonment conditions, 
(2) production after breakthrough being responsible for 
as much as one-third of the total recovery at the lower 
mobility ratios, and (3) a twofold variation in the oper- 
ating life of the reservoir. 


‘References given at end of paper. 

Manuscript received in the Petroleum Branch office July %1, 1953. 
Paper presented at the Petroleum Branch Fal! Meeting at Dallas, 
Tex., Oct. 19-21, 1953. 

Discussion of this and all following technical papers is invited. 
Discussion in writing (3 copies) may be sent to the offices of the 
Journal of Petroleum Technology. Any discussion olfered after Dec 
31, 1954, should be in the form of a new paper. 
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INTRODUCTION 


In determining the merits of a secondary recovery 
operation, the fraction of the reservoir which is ulti- 
mately to be swept by the injected fluid is of major 
importance. Because of its significance a large amount 
of research has been applied to the study of areal 
sweepout efficiency. Muskat, Wyckoff and Botset’’ have 
presented the classic analysis of the pattern efficiency 
at breakthrough for several injection patterns in which 
the mobility of the fluids ahead of the injected phase 
front was equal to the mobility of the fluids behind 
the front. Aronofsky’ has extended this analysis of 
recovery at breakthrough through numerical computa- 
tions and by the stepwise use of the potentiometric 
model to include the effect of different fluid mobilities 
ahead of and behind the invasion front on the line 
drive performance. Fay and Prats’ have also employed 
numerical computations to show the influence of one 
other condition of fluid mobilities on the five spot 
flood. 


In a previous paper’ a new method of attack on 
this problem which employed x-ray and porous plates 
was described. At that time experimental results were 
also presented which described the effect of fluid mobili- 
ties on the reservoir area contacted by the injected fluid 
at breakthrough for the five spot and direct line drive 
patterns. 

Most of the literature pertaining to sweepout pattern 
efficiency has emphasized the pattern which is obtained 
at breakthrough of the injected phase. The increase in 
the sweepout pattern which occurs after breakthrough 
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Fic. 1 SWEEPOUT PATTERNS AT SUCCESSIVE TIMES 
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and during the period of production of both displaced 
and displacing phase has been given little attention. 
Hurst’ presented an analysis of production after break- 
through in a five spot flood for a limited case in 
which the mobility of the fluids in the swept and 
unswept regions were equal. Fay and Prats’ added the 
recovery after breakthrough for the case in which 
the mobility of the fluids in the unswept region was 
one-fourth that in the swept region. 

Because of the limited data available on the phase 
of production history after breakthrough and the em- 
phasis which most of the literature has placed on 
recovery at breakthrough, the fraction of the reservoir 
considered in engineering studies for injection opera- 
tions has perhaps often been taken as that reported for 
first breakthrough. To define accurately the economics 
of a flood and to make the proper choice of injection 
pattern to be employed, the reservoir engineer needs 
data concerning both the sweepout pattern at break- 

. through and the continual enlargement of the pattern 
which occurs in the period of production following 
breakthrough. The development of the x-ray method 
provides the tool for studying the performance in both 
periods of production. This paper presents the results 
obtained by this method in studying the production per- 
formance before and after breakthrough for the five 
spot, staggered line drive, and direct line drive to cover 
the wide range of fluid mobilities generally encountered 
in field operations. 

For floods in which no saturation gradient is present 
in the mobility of the fluids in either the swept or 
unswept region, the mobility ratio (M) of the system 
can be characterized by the ratio of the sum of the 
mobility of each phase flowing in the unswept region 
ahead of the front to the sum of the mobility of each 
phase flowing in the swept region behind the front.” 

The mobility of a phase is expressed as its relative 
permeability divided by its viscosity. The mobility ratio 
can then be written as shown below. 


( 
. Junswept 
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k, relative permeability 

“ = Viscosity, Centipoise 

numerical subscripts denote flowing phase 1, flow- 

ing phase 2, etc. 
EXPERIMENTAL PROCEDURE 

The use of the x-ray shadowgraph technique to study 
the recovery of oil resulting from the increase in the 
area contacted after the initial breakthrough of the 
invading phase consists of taking radiographs (x-ray 
pictures) of a porous model during a simulated flood 
employing the desired fluid mobilities. Since the injected 
fluid is rendered more strongly absorbent to x-rays than 
the reservoir fluid, most of the x-radiation passing 
through the swept portion of the model is absorbed 
and thus does not strike the x-ray film. On the other 
hand the x-radiation passes readily through the re- 
mainder of the model to strike and expose the film. 
Thus each radiograph taken during a flooding opera- 
tion clearly shows the area which has been contacted 
by injected fluid at that time. 

A Westinghouse medical x-ray unit having a makxi- 
mum working potential of 80 kilovolts was used in 
these studies. A Fairchild x-ray roll film cassette with 
a sequence control was used in conjunction with the 
x-ray unit. This combination permits completely auto- 
matic Operation, taking radiographs at predetermined 
intervals and recording the time at which each radio- 
graph was exposed. 

The models used for these experiments were cut from 
'4-in. thick alundum plates. The surfaces were sealed 
with a ceramic type glaze. Fittings were fixed to the 
wells with a plastic adhesive. For all of the model 
results to be discussed here the injected and displaced 
phases were miscible in all proportions. Miscible fluids 
were used in obtaining a good control of the mobility 
ratio for a given experiment. This was possible since 
the displacement efficiency behind the invading front 
was near 100 per cent. The experimental results illus- 
trated in Fig. 2 show a 98 per cert displacement 
efficiency behind the invading front. The relative per- 
meability in the swept region in the models is essen- 
tially unity. Therefore, adjustment of the viscosity of 
the fluids in the unswept and swept regions gives the 
desired mobility ratios. Naphtha and mixtures of 
naphtha and mineral oil were used to obtain fluids 
with the desired viscosities. The injected fluid was 
forced into the models with a constant rate pump. 
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Fic. 3 — ErFrect oF MosiLity RATIO ON O1L PRODUC- 
TION FOR THE FIVE Spot PATTERN. 


The operational technique involved in these studies 
will be discussed for a five spot flood in which the 
mobility ratio was 1.06. The reservoir element repre- 
sented by the porous model was one-quarter of a five 
spot pattern. The model was a 5-in. square, having 
the equivalent of one-quarter of an injection well at 
one corner and one-quarter of a producing well at 
the diagonal corner. The fluid viscosities were 1.33 cp 
for the injected phase and 1.25 cp for the displaced 
phase. Since the relative permeability to either of the 
phases is unity, the mobility ratio is 1.06. 

In order to analyze the experimental data completely 
it is necessary to trace the area swept from each radio- 
graph taken during a flood. Fig. | shows part of the 
set of tracings from which the fraction of reservoir 
area swept at the time of each radiograph is obtained. 
The increase in area contacted by injected fluid after 
breakthrough is apparent in this figure. The dotted 
line shows the position of the flooding front at initia! 
breakthrough of injected fluid. Seventy per cent o! 
the area of the model was swept at this time. The dashed 
line indicates the position cf the flooding front at a later 
time when 96 per cent of the area had been contacted. 
The ratio of the flow of injected fluid produced to the 
total flow from the producing well at this time was 
0.87. By the time abandonment conditions (arbitrarily 
considered as a ratio of 0.95) were reached the model 
was almost entirely swept. 

From the complete set of tracings a basic curve 
is obtained by plotting the fraction of reservoir area 
swept versus the number of displaceable volumes which 
have been injected. The displaceable volume (D,) is the 
product of the pore volume of the unit pattern and 
the displacement efficiency (the change in oil satura- 
tion which occurs in the swept region). This curve 
for the five spot flood being considered is shown in 
Fig. 2. The point at which this curve deviates from 
a straight line gives the areal sweepout efficiency at 
breakthrough of the injected phase. From this curve 
the information necessary for practical application of 
the data may be calculated. It can be shown from 
simple material balance considerations that the frac- 
tion of total flow occurring from the unswept region 
at any time after breakthrough is the slope of the curve 
at that point. For convenience in calculating water- 
oil ratios or gas-oil ratios from the laboratory data, 
the fraction of the total flow occurring from the swept 
region (¥.) 1s reported. 
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The curves shown in Figs. 3 and 4 were obtained 
trom similar flooding experiments on the five spot 
model. A range of mobility ratios from 0.105 to 17 
was covered in this study. The data obtained at mobility 
ratios less than 0.5 must be considered as only approxi- 
mate since the injected phase front at low mobility ratios 
becomes very irregular. These data at mobility ratios less 
than 0.5 can be considered to represent approximate 
extensions of the trend developed by the data obtained 
at higher mobility ratios. 

A family of curves shown in Fig. 3 presents the area 
swept as a function of mobility ratio for increasing 
values of the fractional flow from the swept region 
and indicates the area of the reservoir which is con- 
tacted at abandonment conditions. 

Fig. 4 shows the area swept as a function of mobility 
ratio and the number of displaceable volumes injected. 
This is used to predict the total volume of injected 
fluid necessary to produce a given quantity of oil. The 
breakthrough curve obtained with the miscible phases 
differs from that reported by Slobod and Caudle® in 
the region above a mobility ratio of 1. It is felt that 
this difference arises as a result of the previous data 
being obtained by the use of immiscible phases. The 
use of immiscible phases leads to difficulty in assign- 
ing a mobility ratio to the system since a small gradient 
in saturation is probably present behind the front, and 
this sometimes represents a large gradient in mobility. 
In addition, it is difficult to define accurately the rela- 
tive permeability relationships of the model from the 
relative permeability relationships obtained on smaller 
samples. The use of miscible phases eliminates these 
difficulties and yields results which represent regions 
of uniform mobility and the influence of a known 
mobility ratio on flood pattern efficiency. 


INFLUENCE OF MOBILITY RATIO ON DIRECT 
AND STAGGERED LINE DRIVE SYSTEMS 


In addition to the work described above for the 
five spot pattern, results have also been obtained for 
the direct and staggered line drive flooding systems. 
For both of these systems the ratio of the distance 
between injection and producing lines to the distance 
between either producers or injectors was unity. 

The results of these studies are shown in Figs. 5 to 
8. These data can be used to predict reservoir per- 
formance in the manner to be discussed below for 
the five spot system. 
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DATA 


APPLICATION OF THE LABORATORY 
TO RESERVOIR ANALYSIS 


The data obtained from the laboratory models 
emphasizes the significant effect which mobility ratio 
can have on the oil production rate, the water or gas-oil 
ratio, the ultimate recovery, and the life of an injection 
operation. The information obtained represents condi- 
tions of the model in which the mobility ahead of the 
front and that behind the front was constant, in which 
the thickness and absolute permeability are uniform, 
in which no flow of the displaced phase occurs behind 
the front, and in which only one mobile phase is 
present in the unswept region. 

These conditions in the model represent a steady- 
state injection operation and correspond to flooding 
operations above the bubble point and approximates 
floods conducted at gas saturations less than critical. 
The flooding of reservoirs containing high gas satura- 
tions and which are characterized by the formation of 
an “oil bank” is not being treated in this paper. 

In practice a large amount of oil is generally thought 
to be produced from the region behind the front when 
gas is displacing oil and to a lesser degree when the 
injection phase is water. For water injection this con- 
tinued oil production from the swept region frequently 
appears to be small and is sometimes neglected in 
engineering studies. In this case the curves presented 
in the paper can be used directly to describe the pro- 
duction after breakthrough. 


EFFECT OF MOBILITY RATIO ON A WATER 
INJECTION OPERATION 


From the basic laboratory results of Figs. 3 through 
8 the influence of the mobility ratio on the production 
rate, producing ratio, cumulative recovery, quantity of 
injected fluid, and cycled fluid can be obtained for 
a wide range of mobility ratios. This might best be 
illustrated by applying these curves in showing the 
water flood performance of one five spot of an infirite 
array. Consider 40 acres to be flooded, having a thick- 
ness of 20 ft, a porosity of 20 per cent, an initial 
oil saturation of 70 per cent, an average saturation 
behind the front of 35 per cent, and an oil formation 
volume factor of 1.3. The displaceable volume of this 
five spot pattern would be 435,000 bbls. For an 
assumed constant injection rate of 200 bbls/day, 
the time required to inject one displaceable volume 
would be six years. The difference that could be en- 
countered in field performance in flooding this pattern 
resulting from differences which might be encountered 
in mobility ratio for the case which assumes zero flow 
of oil from the swept region is illustrated in Figs. 9 
and 10. 

Fig. 9 illustrates the fact that low mobility ratios 
lead to early declines in the fraction of total flow which 
is proceeding from the unswept region and therefore 
result in a less favorable rate of oil recovery. The effect 
of less favorable rates of recovery at low mobility 
ratios on the life and cumulative oil recovery is shown 
in Fig. 10. Considering a 95 per cent water cut to be 
abandonment, the mobility ratio range of 0.5 to 5.0 
would lead to a twofold difference in operating life. 

The ultimate oil recovery, however, is near the 
same from 322,000 to 334,000 bbls. This corresponds 
to better than 96 per cent sweepout pattern efficiency 
for the five spot at abandonment conditions over the 
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mobility ratio range of 0.5 to 5.0. At low mobility 
ratios up to one-half of the recoverable oil may be 
produced after breakthrough, as can be seen in Fig. 3. 

In applying the data obtained on the laboratory 
models which was reported in terms of reservoir volume 
flow to the prediction of field performance, it is neces- 
sary to convert these data to stock tank conditions. 
For the case which assumes no oil flow behind the 
injection phase front, the following equations can 
be used to account for the formation volume factor of 
the oil and the solubility of the gas in the oil in 
expressing the above data in terms of oil rate, gas- 
oil ratio, water-oil ratio, etc. These equations are for 
the case in which oil is being displaced by water. 
Similar equations ‘can be develofed for gas cycling 


operations. 
R 
Vv, 
Ce 
ELV — 
B,, 
R,, = water-oil ratio, bbls STB 
3, = oil formation volume factor, STB 
W. == fraction of total reservoir flow from swept 
res bbls 
e 
bbls 
C. =: water cut, water fraction of gross separator 
liquid 


R, == gas-oil ratio SCF STB 
$ = solubility of gas in oil under reservoir condi- 
tions, SCF STB 
AN = oil production STB 
FE, = fractional sweepout pattern efficiency 
V = pore space of elemental pattern, bbls 
= initial oil saturation, fractional pore space 


> 
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p,. = Oil saturation in swept region, fractional pore 
space 
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THICKNESS 20 Fr, Porosity 20 PER CENT, INITIAL O11 

SATURATION 70 PER CENT, FINAL OIL SATURATION 

BEHIND THE FRONT 35 PER CENT, FORMATION VOLUME 
FAcTorR OF 1.3). 


APPLICATION OF LABORATORY DATA TO 
GAS INJECTION OPERATIONS 


The saturation gradient which is believed to be 
present in operations involving the displacement of 
oil by gas complicates the simple application of the 
laboratory data to field performance by introducing 
such factors as: (1) a gradient in the fluid mobility 
behind the front, and (2) the flow and consequent 
production of oil from behind the front. In the lab- 
oratory floods it has been observed that the front 
remains radial during the encroachment into the first 
1S to 25 per cent of the area of the model for 
all mobility ratios. This suggests that the mobility 
near the injection well has much less influence on the 
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sweepout pattern efficiency than that which is present 
near the front in the area in which flow ceases to be 
radial. Until a quantitative method is developed to 
consider properly the gradient in the fluid mobilities 
present in the reservoir, it is suggested that a series 
average of the fluid mobilities between the front and 
the injection well be used in defining the average 
mobility of this region. By this means the fluid mobility 
near the injection phase front is given more weight. 

fhe application of relative permeability relation- 
ships to the displacement of oil by gas shows continued 
production of oil from areas after invasion by the gas. 
This production which occurs in the region behind 
the front must be considered in applying the data pre- 
sented in this paper to the engineering calculations of 
field performance. No rapid and easy solution which 
accurately defines the oil flow from the swept region 
after breakthrough in a pattern flood as a function of 
the volume injected or areal sweepout efficiency can 
be presented at this time. The flow from this region 
can perhaps be approximated sufficiently well for engi- 
neering purposes by calculating the oil saturation in 
the swept region and the fraction of oil flow behind 
the front by the application of the method of Buckley 
and Leverett,”” which was developed for a linear flow 
system. 


Many factors influence the ultimate fraction of the 
reservoir to be swept by an injected phase at abandon- 
ment conditions. The information presented here shows 
the effect of one of the variables, that of mobility ratio. 
This is a property specific to a given flood and _ its 
influence must be considered by the reservoir engineers 
in arriving at an estimate of total oil to be recovered. 
The influence of other features of the reservoir, such 
as sand continuity, number of sand members present, 
permeability variations, irregular well pattern, and 
amount of oil beyond the boundary wells, etc., must 
also be considered by the reservoir engineer in arriv- 
ing at an estimate of the fraction of the reservoir to be 
ultimately swept by the injected phase. For any given 
system, however, that estimate should include the per- 
tormance following breakthrough and leading up to 
abandonment conditions. 


CONCLUSIONS 


The results of this study of the influence of the 
mobility ratio on the oil production after breakthrough 
lead to the following conclusions: 

1. Over the wide range of mobility ratios which may 
be encountered in injection operations there can fre- 


quently be as much as SO per cent of the ultimate 
oil recovery obtained after breakthrough. 

2. Although high ultimate sweepout pattern efficien- 
cies are obtained (85-100 per cent) for most mobility 
ratios encountered in field operations, the economic 
aspects of the rate of oil recovery and the total amount 
of fluid to be injected cause the higher mobility ratio 
floods to be much more favorable. 

3. The inclusion of the production after breakthrough 
which results from a continual enlargement of the 
sweepout pattern is essential in making a comparison 
between different plans of operation. 

4. The data presented here showing the contribution 
from the unswept region to the oil production after 
breakthrough can be combined with observed water 
flood behavior to give the engineer a means of gaining 
knowledge concerning the magnitude of oil flow behind 
an invasion front and knowledge of the possible influ- 
ence of permeability stratification on the flood. 
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DRILLING MUD CONTROL in the SOUTHWEST LOUISIANA 
COASTAL AREA 


Cc. R. CLAUS 


G. A. STANDISH 


ABSTRACT 


Since March 1945, the Magnolia Petroleum Co. has 
drilled 39 welis in Southwest Coastal Louisiana. All 
wells were drilled within a comparatively small radius, 
hut the area provides a large variety of problems. The 
deepest well drilled was 13,518 ft, and the total depth 
averaged 10,977 ft. Throughout this period drilling 
mud control and types of mud handled were: (1) phos- 
phate, (2) red lime (late conversion), (3) red lime starch 
(early conversion), (4) red lime starch oil emulsion, 
(5) precision controlled low alkalinity-low lime content, 
and (6) gel muds for completion purposes. 

Improvement has heen obtained in effecting some or 
all of the following: (1) more rapid penetration, (2) re- 
duction in drilling hazards, (3) better evaluation of cores 
and logs, and (4) better completions. 

The geological sequence of zones penetrated range 
from recent sediments at the grass roots through the 
Frio section. Anticipation of high-pressure zones and 
incompetent formations entails precision control of 
drilling mud weights, and the unconsolidated nature 
of the various zones requires constant attention to the 
filtrate, viscosity, and gel strength values. In the Chalkley 
field, particularly, this combination of problems exists, 
where the formation pressures and overburden weight 
density values are in very close proximity. Design of 
casing and drilling mud programs must be modified 
to fit each well. 


INTRODUCTION 


Field and research work on drilling fluids has made 
constant progress, enabling operators to prospect pro- 
gressively deeper horizons. Numerous papers have been 
written on the theoretical aspects of drilling fluid devel- 
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opment, but in the field engineers have found it difficult 
to evaluate the role of specific mud constitutents when 
dealing in terms of thousand barrel mud systems. For 
that reason field data is somewhat lagging in technical 
report writing. However, applications of new tech- 
niques in the field have usually paralleled, and = in 
numerous instances preceded, research work. 

The information obtained by Magnolia Petroleum 
Co. in the course of drilling 39 wells within a com- 
paratively small area in Southwest Coastal Louisiana 
provides an excellent opportunity of reviewing a spe- 
cific example of drilling mud evolution. A large variety 
of problems has been coped with, the most important 
result being that every well was successfully drilled 
to its projected total depth. The discussion begins with 
the advent of deep drilling in this area in March, 1945, 
and is concluded with a resume of recent drilling 
operations in the Chalkley field. 

The primary purpose of this paper is to describe 
the evolution in types of drilling fluids as it occurred 
and its application in the solution of various drilling 
problems. All of this information and experience re- 
sulted in the successful drilling of the three wells 
in the Chalkley field, where a combination of the most 
sound techniques was necessary in carrying drilling 
operations to the projected total depths. Other operators 
along with service company engineers have contributed 
considerably through the interchange of ideas and 
information to this paper, but the data and conclusions 
which are contained are based on first-hand observation 
of Magnolia Petroleum Company’s drilling operations. 

The 39 wells drilled by Magnolia Petroleum Co. 
average in depth 10,977 ft per well, while the maximum 
depth penetrated was 13,518 ft. The cost of drilling 
fluids have varied from $8,700 to $165,000, with the 
over-all drilling costs ranging from $74,000 to $543,000 
per well. This wide variance illustrates the unpre- 
dictable nature of each well and the effects on over-all 
cost when high density muds are required to control 


j 
— 
33 


SERIES 
RECENT UNDIFFERENTIATED 
PLIOCENE UNDIFFERENTIATED 


FAUNAL ZONES 


Bigenerina humbie: 
Amphistegina (B) 
Discorbis bolivarensis 
Siphonina dovisi 
Planulina palmeroce 
Abbeville assembiage 


Discorbis (large) 
Heterostegina sp 
Bolivina perco 
Moarginulina :diomorpha 


2 
WwW 
= 


| OLIGOCENE | VICKSBURG 


Marginulina vaginata 
Marginuling howe: 
Camerina (A) 
Cibicides hozzord: 
Morginulina texano 
Hackberry assembioge 
Nodosoria bDianpied: 


Fic. | TENTATIVE STRATIGRAPHIC COLUMN OF 
CAMERON ParisH, LA. 


abnormal pressures. The usual major potential sources 
of difficulty anticipated in drilling are loss of circula- 
tion, stuck pipe, blow-outs, salt water flows, formation 
sloughing, and crooked holes. The geological interpreta- 
tions of coastal Louisiana are very complex, but an 
appreciation by mud engineers of the geological facts 
is important. 


GEOLOGY 


[he stratigraphic section penetrated includes Recent, 
Pleistocene, Pliocene and Miocene deposits. This sec- 
tion consists of sand and shales interspersed with occa- 
sional thin shell beds and lime zones. The shales con- 
tain an abundance of mud-making constituents. The 
sands vary considerably in grain size and assortment 
and in degree of cementation. The lime and shell beds 
are not quite so prominent, but probably are respon« 
sible for a lot of the mud troubles because of the 
porous nature of the shell beds, which are found at 
any depth ranging from the grass roots to the maximum 
depths penetrated. 

Difficulties are sometimes experienced in correlating 
from well to well, especially in the upper Miocene 
section which consists predominately of massive sands. 
Paleontological markers are used in defining the zones 
penetrated. These are listed in the geological section 
shown in Fig. 1. 

The type of deposition varies. The lower Miocene 
is entirely marine, the upper Miocene is somewhat less 
than half marine, and the Pliocene and Recent are 
entirely continental deposits. Tectonic movements along 
hinge lines and upthrusts of salt masses have caused 
abnormal accumulation of sand in localized areas. When 
these sands occur as lenses, or are faulted against shale, 
abnormal pressures are often encountered. This is caused 
by the hydrocarbons and salt water contained in the 
shale deposits being forced by sheer overburden weight 
into available pore space where they had no subsequent 
path of escape.’ 

Structures in the area under discussion are the 
result of regional faulting and deepseated salt intrusions. 
Which of the two is responsible for the oil and gas 
accumulations in some of the fields under review is 
debatable, but it is not within the province of this 


paper to delve into that problem. It is sufficient to 
state that adequate structural relief has been found 
which could provide traps for the economic accumula- 
tions of hydrocarbons. 

Geophysical methods, most reflection seismograph 
surveys and subsurface work, were responsible for dis- 
covering the anomalies. High pressure zones are found 
starting with the Planulina and Abbeville sections, with 
depth playing an important factor in the degree of 
pressure abnormality. Only those wells drilled on the 
crest of structures have completely penetrated the 
Abbeville section, as a tremendous thickening occurs 
on the flank downdip toward the Gulf of Mexico. The 
unpredictable depths at which prospective producing 
sands would be found beneath that zone on_ the 
coast have not yet warranted exploration efforts. 

The tremendous role that the Abbeville section plays 
is best exemplified by the recent drilling in the Chalkley 
field. There only a very thin section was penetrated in 
the exploration of high-pressure-producing sands that 
are found below it in the Camerina and Cibicides 
Hazardi zones. 


GEL-PHOSPHATE SYSTEMS 


Prior to 1945 numerous shallow wells were drilled 
in Cameron Parish that did not require very close mud 
control. Deep-well drilling began in March, 1945, when 
the Lutcher A-l was spudded in the Mud Lake area. 
The type mud customarily used at that time consisted of 
gel and native clay solids treated with phosphate and 
caustic-quebracho for viscosity and water loss control. 
Other chemicals were used, but mostly in a minor role, 
as retarding agents to phosphate deterioration. The time 
required to drill the Lutcher A-1 with this type mud to 
a total depth of 11,932 ft was 145 drilling days, with 
a drilling fluid material cost of approximately $33,000. 
Included in the 145 drilling days were eight days con- 
sumed in mud conditioning time that is not reflected in 
the cost of the drilling fluids. This mud conditioning 
time was caused by complications encountered in con- 
trolling rheological properties of the high density mud 
(16 tb. gal.), which was required to contain the abnor- 
mal formation pressures. 


LIME-BASE MUDS 


An advance in mud treatment occurred in early 
1949. While drilling the Lutcher C-1 in the East Mud 
Lake field with a conventional phosphate mud at a depth 
of 11,012 ft, casing was set in anticipation of high 
pressure zones. Previously, difficulties in controlling mud 
properties at these depths and temperatures had been 
encountered. Therefore, in an effort to eliminate or 
reduce operational difficulties, the mud was converted 
to a high pH caustic-quebracho system and lime was 
employed to control gels and viscosities. This probably 
was the equivalent of our present concept of a lime- 
treated mud. Maximum mud weight was 13.2 Ib/gal. 

The well was then carried to a total depth of 11,707 
ft without undue incident. At no time was _ there 
any trouble getting to bottom with drill pipe, logging 
tools or liner while using this type of mud. Drilling 
time was 95 days with a mud and chemical cost of 
$19,439. Also, it was concluded, and proved by subse- 
quent drilling, that the hole would stand up for much 
longer periods of time with lime-treated or lime-base 
muds than with the previously employed systems. 

The practice of using small lime additions in treating 
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red muds was short-lived, as control was found to be 
simplified by converting with excess lime, estimated 
at 4 to 12 Ib/bbl, and continuing with large per tour 
treatments to maintain this value.” For a while it became 
a standard procedure for Magnolia to convert muds 
to lime base muds when drilling had reached approxi- 
mately 8,000 ft. 

Further simplification in mud control was the con- 
venient expedient of converting muds at shallow depths 
when the percentage of solids was low, rather than at 
the 8,000 to 10,000 ft depth range. Surface casing in 
these wells in the subject area is usually set at 4,500 
ft, which lends itself perfectly to a lime change-over 
at this point, while drilling cement, without the difficulty 
often encountered. This practice was started in March, 
1949, and has become routine with conversion accom- 
plished in several circulations. It has resulted in sub- 
stantial savings in rig time and mud costs over the 
period. 


OIL-EMULSION MUDS 


Oil-emulsion muds were introduced in December, 
1949, while drilling a directional hole on State of Louisi- 
ana Lease 1120 A-1 in the Holly Beach field. The 
hole tried to grab the drill pipe while drilling at 
9,000 ft with a 3.5 cc water loss lime-base mud. The 
system was then emulsified with 10 per cent diesel oil 
which reduced the water loss to less than | cc. In 
13 days 1,550 ft (9,390 ft - 10,940 ft) were drilled for 
an average of 119 ft/ day, an outstanding record com- 
pared to straight hole drilling at equivalent depths where 
the previous fastest drilling rate was 84 ft day. Sixty 
days were required to drill to 10,940 ft with a drilling 
fluid cost of only $16,422. Prior to this well the 
geologists had not given the “green light” to the use 
of oil in muds because of the uncertainty as to its effect 
on cuttings, core and electric log interpretations. Their 
objections have since been withdrawn, as with expe- 
rience they have been able to differentiate between 
diese! oil and formation hydrocarbons. 

Oil emulsion mud is being used quite often to speed 
drilling time. Its chief use, however, is in straight or 
directional holes where comparatively high filtrate loss 
of the muds or crooked hole conditions cause sloughing. 
The volume percentage of oil has ranged as high as 
16, but mud properties are easier to control when the 
oil content is around 10 per cent. 


LIME TREATED MUDS 


The development of methods for determining free 
lime content has been valuable to the mud engineer in 
controlling the lime systems.’ As a direct result of mud 
control work in these wells Magnolia Laboratories was 
prompted to work on this problem. A method for deter- 
mining the lime content and alkalinity level of drilling 
fluids has been developed and accepted for field use.’ 
This method requires separate chemical titration of 
the drilling fluid and the drilling fluid filtrate.” As a 
result of this determination, it is no longer necessary 
to continue the practice of making heavy lime con- 
versions or per tour treatments simply to be sure the 
lime concentration is sufficiently high. Reduced and 
more carefully considered additions are the rule. 

The logical sequence in the treating evolution was 
the re-investigation of the commercial and_ practical 
aspects of reverting to moderately-high caustic- 
quebracho systems using lime only as a control agent. 
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The remarkable success of such controlled application 
is typified in the Sweetlake B-3 well in the Chalkley 
field. The initial conversion and a typical mud check 
along with a recommended per tour treatment for 
this type mud is shown in Table 1. 

While lime base systems had definite advantages over 
phosphate-treated muds insofar as viscosity and gels 
were concerned, the inability to run logging and per- 
forating instruments to bottom in the deeper wells was 
experienced. Maximum temperature recorded a! 13,515 
ft was 262°F. The avetage gradient is 1.4° 100 ft of 
depth. Conclusive evidence that the mud was actually 
forming a cement-like material was found. Excessive 
lime content in the presence of high alkalinities caused 
this. Lime-treated mud offered the best solution to the 
problem of drilling deep, hot holes. 

It had been customary in deep wells where high- 
temperature gelation was likely to occur to prepare a 


TABLE 1 — INITIAL CONVERSION, TOUR TREATMENT AND TYPICAL 
MUD PROPERTIES OF MUD USED ON THE SWEETLAKE B-3 


Initial Conversion, |b / bbl Tour Treatment, Ib 


Caustic Soda 1 50 

Quebracho 3 100 

Lime 2 

CMC 1 As needed to maintain 

filtrate below 5 cc 
MUD PROPERTIES 

Weight, Ib gal 17.8 
Viscosity, Funnel, Sec. 53 
Viscosity, Plastic, cp. 40 
Yield value, Ib/100 sq ft 8 
Initial Gel., grams 0 
10-minute gel, grams 1 
pH 11.8 
Filter loss, API, cc 48 
Cake, 32nd in 3 
Lime, Ib) bbl 0.5 


Filtrate Analysis: 
Alkalinity, P 


M 
Chloride. ppm 1800 
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low bentonite content behind the packer mud, weighted 
to the desired value. The only chemical used in this 
method is caustic soda, for pH control to minimize 
corrosion and also to accelerate the yield of the 
bentonite. A tremendous handicap encountered in 
this practice is the lack of tolerance,for cement con- 
tamination, or the expense of having to revert to 
the original mud system if a cement squeeze job 
should become necessary. Rigtime and cost of mate- 
rials to prepare an 18 Ib. gal. mud for the B-3 well 
would have been, roughly, $8,000. 


Field tests were conducted with both the lime-treated 
mud used in drilling and a laboratory-prepared low- 
percentage bentonite mud. At an elevated temperature 
over a 48-hour period the two muds checked closely 
in their ability to revert to fluidity. The well completion 
was made with the original mud, resulting, therefore, 
in the savings of the estimated $8,000. Another advan- 
tage of the lime treated system is in the obtention of 
higher resistivity values for better electric logging 
results. At 100°F the resistivity value of the lime base 
mud in Sweetlake B-1 and the lime treated mud in 
Sweetlake B-3 were 0.48 ohmmeter and 1.4 ohmmeter, 
respectively. 


CHALKLEY FIELD 


Probably the most difficult drilling in this area is in 
the Chalkley field, because of the proximity of forma- 
tion pressures to overburden pressure. Sand objectives 
are not particularly deep compared with the average 
drilling depth of wells in South Louisiana, but depths 
are a relative matter where abnormal pressures and 
related hazards are concerned. Attesting to this fact 


is the high mortality rate of wells drilled below 10,000 
ft in this field. At approximately 8,000 ft, pressures 
are abnormal. By the time 11,000 ft has been reached, 
formation pressures are near the rupture point of the 
overburden. 

In Sweetlake B-1 the calculated static bottom hole 
pressure was 10,260 psi at 11,806 ft. This formation 
was penetrated with 17.5 Ib gal. mud which provided 
a differential of approximately 480 psi. The precarious 
nature of such a close differential is illustrated by the 
problem that faced the authors at the start of drilling 
the B-2 well. Geologists estimated that the high pres- 
sure zone would be encountered some 200 ft higher 
than B-1, which meant a 183 psi reduction of the 480 
psi hydrostatic head differential using a 17.5 1b/gal. 
mud system. Therefore, 18 Ilb/gal. mud weight was 
recommended to compensate for the structural differ- 
ence and to provide an added factor of safety for 
mechanical operations in the proposed reduced hole 
size. The rupture point of the overburden below 11,000 
ft, however, was found to be slightly higher than the 
hydrostatic head equivalent of 17.8 Ib, gal. mud, both 
during actual drilling in this well and in the subsequent 
drilling of the Sweetlake B-3. Equally important in 
the pressure consideration was attention to casing points, 
mud properties and drilling techniques in order to 
minimize the chances of causing any undue pressure 
surge against the hole. The actual casing and mud 
programs for the three wells drilled in the Chalkley 
field are shown in Table 2. 


SWEETLAKE B-! WEL! 


A brief history of the Sweetlake B-1 well is as 
follows: At 5,500 ft the mud was converted to a 10 
per cent oil-emulsion, lime-base system. Mud weight 
was increased at approximately 8,600 ft from 12 to 
13 Ib gal. because of gas cutting after trips. Lost cir- 
culation occurred at 8,889 ft and, as fibrous material 
was added, the shaker was by-passed and drilling was 
carried to 9,100 ft. There the casing was set while 
using 14 Ib gal. mud. The 95s-in. plug was drilled 
with 16.5 Ib) gal. mud. Drilling continued without inci- 
dent to the 7 in. casing point at 11,965 ft during which 
time the mud weight had been gradually increased to 
17.5 Ib/gal. In drilling out of the 7 in. casing to the 
13,517 ft total depth, the weight varied between 17.5 
to 17.7 lb/ gal. The shale shaker was by-passed during 
the entire drilling operation from the 95%-in. casing 
point to the total depth to maintain a high concentra- 
tion of lost circulation materials. 


Viscosities could only be controlled through water 
additions which explains the $164,000 mud and chem- 
ical costs. Casing or liner was not set at total depth, 
for the well was completed through perforation 11,803- 
11,807 ft in the 7 in. casing as a gas-distillate producer. 
It had a shut-in tubing pressure of 8,695 psi. The 
serious danger of drilling the B-l with the small 
hydrostatic pressure differential was only realized dur- 
ing testing operations in pipe. 


TABLE 2 — CASING PROGRAMS USED IN THE CHALKLEY FIELD 


Sweetlake B-1 Sweetlake B-2 Sweetlake B-3 
Size. in. Depth, ft Size. in. Depth, ft Size, in. Depth, ft 


Conductor 20 221 16 252 «20 

Surface 3,011 1034 3,505 1338 

Intermediate 9s 9,119 75 9,243 
1,965 ~=+11,740 11,19 


1 
Production 7 11,96 198 
Liner 10,931—11,943 
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SWEETLAKE B-2 WELL 


A further curtailment in the casing program for B-2 
became necessary, however. Because of a critical pipe 
shortage at the start of B-2, hole and pipe diameters 
were reduced from those employed in 3-1. Again the 
plan was to drill substantially below the 9,119 ft casing 
point equivalent of B-1 and to case off most of the 
intermediate high pressure and heaving shale zones. 
Lost returns forced the casing to be set at 9,243 ft. 
First, 17 Ib/gal. mud was used from that point; then 
18 Ib/gal. was in use by the time 10,000 ft had been 
reached. This was done in order to learn whether 
the formations would withstand this weight mud prior 
to drilling the 11,800 ft sand. Continued lost return 
difficulties at 11,800 ft forced the setting of 5'%2-in. 
casing after the high pressure sands were found beneath 
the gas-water contact. 

Comparative analyses of both drilling and mud costs 
for the B-1 and B-2 wells show conclusively that the 
reduced hole size increased over-all drilling and mud 
costs. Cost of mud materials per foot was $12.20 and 
$12.63 for B-1 and B-2, respectively, while intangible 
drilling costs for the same wells were $34.29 and $36.29, 
respectively. Fig. 5 illustrates drilling rates at the various 
depths for all three wells. 


SWEETLAKE B-3 WELI 


Drilling costs for B-1 and B-2 were such that the 
economic feasibility of further developing the 11,800 
ft sand was questioned. Only the possibility of encounter- 
ing multiple sand reservoirs favored the drilling of B-3. 
Reduction in mud materials and drilling costs were 
mandatory in calculating a pay-out, and the design of 
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the mud and casing programs to reduce these costs 
incorporated the following recommendations: 


(1) Drill with mud weights compatible with both 
the competency of the formations and the abnormal 
pressure zones down to the 9,628 ft equivalent of B-1. 


(2) Establish close casing point control by electric log, 
because every foot of hole cased would eliminate a 
future source of danger from shale sloughing or lost 
returns. 


(3) Add a magnetic tracer material to the mud system 
at approximately 8,000 ft and maintain a proper con- 
centration of this tracer to the total depth. In case of 
lost circulation, run a magnetic induction log to deter- 
mine the exact point of mud loss by measuring variations 
in magnetic intensity; then spot time-setting clay cement 
in that zone to restore circulation. 


(4) Set 7 in. casing at approximately 11,100 ft in 
anticipation of the two known high pressure zones 
found in the B-1 at 11,400 ft and 11,800 ft. 


(5) Use a lime treated mud in drilling to the pro- 
jected total depth and maintain this mud in a condition 
that would be satisfactory for completion purposes. 

The above recommendations were followed with 
minor deviations in the drilling of the Sweetlake B-3 
well. The result of this planning was that both the mud 
costs and intangible drilling costs were reduced ap- 
proximately 31 per cent from those of the two pre- 
vious wells. Drilling to the total depth required 89 
days at a drilling and mud cost of $287,712 and 
$102,176, respectively. Although the same massive 
mud making shale formations were encountered in 
B-3, the lime treated mud did not result in any difficulty 
in viscosity control. In fact, the viscometric properties 
were very much better, as evidenced by the over-all 
reduction in mud costs. Table 3 reflects the percentage 


TABLE 3 — PER CENT OF THE TOTAL COS’ OF THE MUD CON. 
STITUENTS USED IN DRILLING EACH WELL IN THE CHALKLEY FIELD 


Sweet- Sweet- Sweet- 
lake B-1 lake B-2 lake B-3 Field Total 
per cent per cent per cent per cent 
Weighting Mcd¢erials 73.10 69.90 81.44 74.23 
Clays 1.22 1.10 0.91 1.09 
Chemicals 11.01 9.23 6.91 9.05 
Lost Circulation 
Materials 6.39 15.67 4.69 9.89 
Water Loss 
Reducing Additives 8.38 4.10 6.05 5.74 
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of total costs of the mud constituents used in drilling 
the three wells in Chalkley field. : 


SUMMARY 


Through experience gained in drilling wells since 
1945 in Southwest Coastal Louisiana, field engineers 
and laboratory technicians have improved drilling mud 
control techniques. Within a small area many different 
problems were encountered that were successfully 
handled. Many kinds of mud systems were employed 
in drilling the wells, each of which has its merits. No 
one type can be satisfactorily used for all purposes. 
From an economical standpoint, the lime treated mud 
offers numerous advantages. 


The knowledge accumulated during the period was 
applied in the planning and the concluding of the drill- 
ing of three wells in the Chalkley field, where the most 
severe drilling hazards of any of the fields under review 
were found. The experience gained in drilling the first 
two wells in that field enabled the drilling of Sweet- 
lake B-3 well with a 31 per cent reduction in both 
drilling and drilling mud costs. Cost reduction is vitally 
necessary in any drilling operations, but it is particularly 
important in the development of structures where ab- 
normally-pressured, relatively-thin producing sand zones 
are marginal in calculated pay-out. 
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MECHANICAL TREATMENT of WEIGHTED DRILLING MUDS 


ROY A. BOBO 
MEMBER AIME 
R. S. HOCH 


ABSTRACT 


Maintenance of desirable plastic flow properties of 
weighted drilling muds may he greatly simplified by 
use of centrifugal classification to control the drilled 
solids content. The new application of a decanting type 
centrifuge to separate and reject the low density solids 
from the weighting material results in a drilling mud 
of greatly improved quality with lower values of yield 
and rigidity. 

Its practicality and economy has been proven in field 
operation. The degree of separation of light and heavy 
solids is not limited by the machine, but by the particle 
size distribution of the solids in the mud. Removal 
of the low density component of drilling mud_ that 
makes chemical treatment necessary permits a marked 
reduction in chemicals. 

The main uses of the centrifugal process are the 
treatment of muds while drilling, the reclaiming of 
discarded muds, cleaning up of workover muds, and 
the reduction in lime content of mud for completion. 


INTRODUCTION 


Drilling mud in any circulatory system is made 
viscous and difficult to pump by gradual accumulation 
of drilled solids which pass through the shale shaker 
and are continually reground. In a weighted mud con- 
taining a large proportion of barite by volume, the 
amount of drilled solids that may be tolerated is greatly 
reduced. Much effort has been expended to control 
by chemical treatment the effects of such solids. Though 
chemical treatment is quite effective, the time even- 
tually comes at deeper depths after enough drilled solids 
have entered the system when a portion of the mud 
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must be discarded and replaced with water and more 
weighting material. Once begun, this process is gen- 
erally continued at frequent intervals with resultant 
high maintenance costs. 

At the termination of drilling, mud highly contam- 
inated with light solids and spent chemicals is poorly 
suited for completion operations.’ It is likewise limited 
in utility for other drilling operations. 

This investigation was conducted for the primary 
purpose of determining an acceptable mechanical means 
of removing the lightweight solids from weighted drill- 
ing muds in order to maintain viscosity at a minimum. 
A decaating type of centrifuge was selected from the 
various possible methods of mechanical sepzration. 

The centrifugal process has been employed in this 
country for this purpose in central mud reclamation 
systems in California in earlier years. It also was used 
for treatment of weighted muds on the Gulf Coast. 
In more recent years only sporadic attempts have been 
made to employ it in the field on weighted muds. 


DISCUSSION OF PROCESS 
SELECTION OF APPARATUS 


Two factors favor mechanical procedure for the 
separation and removal of drilled solids or clays from 
the mud circulatory system. First, the greater specific 
gravity, 4.1 to 4.3, of the barite would promote more 
rapid settling than the clays whose specific gravity range 
is from 2.5 to 2.7. Second, the relative coarseness of 
the barite particles also facilitate faster settling of this 
phase. 

A decanting type of centrifuge was preferred for 
this process over other possible methods for these 
reasons: 

1. Requires no costly additives or excess dilution. 

2. Centrifugal force affords greatly accelerated sep- 

aration as compared to gravity. 
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3. More compact and greater portability. 
4. Unaffected by fairly coarse material. 


REQUIREMENTS 

In order to fulfill field needs, any centrifugal machine 

must meet the following: 

1. Must make desired degree of separation between 
drilled solids and weighting material. Excess loss 
of barite cannot be tolerated. 

Operation must be continuous and trouble free, 
with a minimum of operating personnel and 
maintenance. 

3. Should be resistant to abrasion and corrosion. 

4. Must operate with minimum of water dilution. 


DESCRIPTION AND METHOD OF OPERATION 

The centrifuge selected was of the conical decanting 
type. Its operating principle is illustrated in Fig. 1. 

The mechanism shown in Fig. 3 consists essentially 
of a helical screw conveyor rotating inside a conical 
bowl, which also revolves in the same direction at a 
slightly higher speed. The speed of rotation of the bowl 
creates a high centrifugal force acting at right angles 
to the axis of rotation. 

Diluted drilling mud enters the bowl through a sta- 
tionary feed tube, as shown in Fig. |, located in a hollow 
center shaft. The heavier barite particles, acted upon 
by centrifugal force, are thrown outward and deposited 
against the wall of the bowl. The clays and liquid, 
being of lower specific gravity, form a concentric inner 
layer in the bowl. 

The barite deposited against the bowl is conveyed to 
the narrow end of the bowl by the pitch and the for- 
ward rotation of the helix relative to the bowl, where 
it is discharged through ports that are suitably located. 
The barite sludge is returned to the mud tank. 

The clays and liquid referred to as effluent or under- 
flow in this discussion are rejected through ports at 
the opposite end of the bowl. 


BOWL ROTATES 
CREA “ING HIGH CENTRIFUGAL FORCE 


CLAY- LIQUID 
DISCHARGE 


of discharge port 


Fic. | OPERATING 


level controlled by adjustment 


FIELD RESULTS 


Tyree OF SEPARATION OBTAINED 


Field trial of the decanting type centrifuge demon- 
strated that any desired degree of separation could be 
effected, commensurate with the particle size distribu- 
tion of the two solid phases in the system, by varying 
the rotating speed. This is illustrated diagrammatically 
in Fig. 2. 

At a high rate of speed (point | on the curve), the 
centrifuge would reject all liquid with the effluent or 
overflow with all of the solids going to the underflow. 
At a reduced speed corresponding to point 2, a sub- 
stantial portion of the clays would be rejected with 
the effluent, and the coarser clays and all of the barite 
would be returned with the underflow. At a further 
reduced speed (point 3), a still greater portion of the 
clays and some of the finer barite will be thrown out 
with the effluent. This latter point corresponds to the 
desired operating speed. 

It can be visualized from Fig. 2 that an exceptionally 
high density of solids in the underflow is indicative of 
inefficient Operation. 

Table | is presented to show the effectiveness of 
separation that was secured when concentrating 12.5 
Ibs gal. mud to 22 Ibs gal. This is best illustrated 
from the following summary, taken from the table: 

Per Cent of Per Cent of 
Bowl Total Clays Total Barite 
Speed rpm Rejected Lost 


1,470 - 1,500 73.7 9.44 
1,736 67.6 4.88 
2,070 66.4 0.09 


Table | also substantiates the foregoing theory that 
density of the solids in the underflow decreases with 
increasing bowl speeds. 


Conveyor rotates same direction as bowl, 
but at slightly lower speed. 


BARITE 
DISCHARGE 


PRINCIPLE OF CENTRIFUGE. 
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OPERATING FEATURES 


The experimental gas-engine driven centrifuge instal- 
lation is shown in Fig. 3. Mud to be processed was 
delivered to the centrifuge from a forward pit by a 
separately driven model IL4 type CDQ Moyno pump. 
Water from a centrifugal pump was mixed with the 
mud. The feed thus mixed traversed 50 diameters ot 
pipe in turbulent flow prior to entry into the centrifuge. 
Barite sludge from the centrifuge was jetted back to 
one of the mud pits. Rejected clays and water flowed 
by gravity to a waste pit. 

No operational difficulty occurred when processing 
screened mud. Occasional shut-down resulted on recla- 
mation of gelled mud due to plugging of the intake 
to a small supply pump with large clods, metallic 
objects, and other debris. However, the centrifuge 
handled all material that was fed to it without clogging 
and without difficulty. The machine was dismantled 
at the end of 1,000 hours of operation and no wear 
could be detected by micrometer measurement. 

The capacity of a decanting type centrifuge is limited 
by the quantity of barite sludge than can be conveyed 
to the discharge end of the bowl. For this reason, mud 
having a density of 13 Ib/gal. can be processed at 
a greater rate than 18 Ib/gal. mud, the comparative 
throughput depending upon the relative amount of 
barite and coarse clays which are contained. A_pro- 
tective torque release prevents overloading. 

A typical pumper’s grind-out centrifuge was quite 
useful in estimating the relative solids content in both 
feed and effluent. This served as a rapid and effective 
test on the degree of separation being obtained. 


FIELD EXPERIMENTAL CENTRIFUGE INSTALLATION 


3 — Fittp EXPERIMENTAL CENTRIFUGE 


INSTALLATION. 


FIG. 


EFFECT ON FLOW PROPERTIES OF THE Mup 


By reducing the volume concentration of the drilled 
solids, centrifuging lowers both the yield and _ plastic 
viscosity of weighted drilling muds. 


Fig. 4 shows how operating the centrifuge for one 
day affected the plastic flow properties of 15 Ib/ gal. 
drilling mud on a Chocolate Bayou well, in Brazoria 
County, Tex., drilling at 12,000 ft. At this time, the 
centrifuge was processing about one-fifth of the mud 
in the circulatory system per day. Note that the yield 
point was lowered from 17.7 to 10.0 Ib 100 sq ft 
and the plastic viscosity was reduced from 37.8 to 
33.8 cp. By chemical treatment alone, the yield 
value is the only component of resistance to flow that 
can be reduced appreciably. 


OTHER EFFECTS OF CENTRIFUGING 


One of the chief values of the centrifuge in the 
treatment of muds lies in the continual maintenance 
of minimum viscosities. It is generally acknowledged 
that good flow properties contribute to better bottom- 
hole-cleaning action and consequent increase in rate 
of penetration. 

With a centrifuge, a marked reduction in chemicals 
that are required for maintenance will result. In the 
Chocolate Bayou well on which the decanting centri- 
fuge was tried, the quantity of chemicals used after 
centrifuging was initiated were only one-fifth that used 
prior to installation. The centrifuge was used while 
drilling from 11,800 ft to 14,600 ft. 


TABLE 1 — RESULTS OF OPERATING DECANTING TYPE CENTRIFUGE AT VARIOUS SPEEDS AND WITH DIFFERENT WATER RATES WHEN 
CONCENTRATING DRILLING MUD FROM 12'2 TO 22 POUNDS PER GALLON 
Mud 
Den- **CLAYS **BARITE 
Centri- sity Feed Spec. Grav. Feed Solids 
Test fuge Ib/- Mud Water °f Solids ibs. per day Volume b.p.d. Weight Ibs. per day Volume b.p.d. Weight 
No. r.p.m. gol. B/D B/D Sludge Effi. Total Sludge Eff. Total Sludge Effi. Total Sludge Effi. Total Sludge Effi. Total Sludge Eff. 
1 1486 12.46 249 814 3.76 2.78 50,404 29,368 21,036 30.1 87 21.7 22,000 5,840 18,320 24.1 21.9 2.0 28,400 23,500 2,640 
2 1470 12.47 285 698 3.78 2.87 71,249 48,580 22,669 32.9 984 22.5 29,996 9,230 18,249 28.5 26.4 2.74 41,253 39350 4,421 
3 1500 12.51 308 582 3.80 2.81 77,129 50,825 26,304 35.5 9.06 27.3 32,857 9,098 22,227 30.1 26.0 3.17 44,272 41,727 4,077 
4 1736 12.46 328 814 3.79 2.75 75,328 46,693 28,635 40.4 10.7 31.0 32,617 8,592 25,771 33.4 29.8 2.16 42,711 38,101 2,863 
5 1736 12.56 350 698 3.74 2.72 89,093 62868 26,225 42.5 15.2 25.0 38,577 13,139 24390 35.0 36.2 1.18 50,516 49,729 4,458 
6 2070 12.37 405 814 3.67 2.67 100,249 71,225 29.024 50.7 18.05 36.1 45,531 17,521 28,414 38.7 349 .48 54,936 53,704 610 
7 2070 12.32 395 698 3.64 2.66 89,752 62,325 27,427 53.3 20.2 32.9 44,591 16329 27,152 356 358  .20 47,160 46,620 274 
*Subsequent tests demonstrated that water rates shown in table were all in excess of that required for operation. High water volumes will lower 


separating effectiveness of this type of machine 


**All volume and weight calculations were derived from individual measurements on feed, sludge and effluent. Good, but not exact correlation was 


obtained as reflected in the tabulated results. 
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Fic. 4— GRAPH SHOWING RESULTS OF 24 HOURS OF 
CENTRIFUGING 15 LB’ GAL. DRILLING Mup ON PHILLIPS 
Houston “T” No. 1, CHOCOLATE Bayou FIELD. 


Much has been included in the literature on the 
effects of lime on high temperature gelation and high 
temperature solidification. Muds with high lime content 
will often solidify during drilling operations. Much more 
often, lime muds solidify when placed above the packer 
upon completion. 


A centrifuge may be used to effectively remove a 
good portion of the active lime in a mud system upon 
completion. It may also make possible the drilling of 
deep wells without resorting to lime treatment. 


Sand, being much coarser than other solid particles 
in the‘system, will readily settle in the first pit once the 
viscosity of the drilling fluid has been reduced by 
centrifuge action. 

Upon completion of deep wells, the general practice 
is to abandon the contaminated mud remaining in the 
pits. A centrifuge may be used to clean-up, concentrate, 
and salvage a valuable portion of mud which otherwise 
would be discarded. 


One phase of centrifuge performance that has not 
been evaluated, but which may be of importance, lies 
in the removal of “spent” chemicals from the mud. 
It is possible that part of the increase in viscosity 
which occurs with continued use of the mud is due 
to the accumulation of chemicals that have been added 
and whose effectiveness has been dissipated. By remov- 
ing such chemicals the centrifuge will aid in main- 
taining low viscosity in weighted muds. 


CONCLUSIONS 


The practicality of a centrifuge for effecting substan- 
tial economies in drilling costs has been proved. The 
centrifuge will accomplish the following: 

|. Maintain the desired flow properties of weighted 

drilling muds without resort to continual discard- 
ing and rebuilding substantial portions of the mud 
in the circulatory system; 

Greatly reduce the quantity of chemicals required 
for treatment; 

Reclaim and concentrate used muds to densities 
up to 24 Ib, gal. 

Properly installed and supervised, the machine will 
require little maintenance and attention. 

Highly efficient separation may be obtained with 
the decanting type machine, resulting in low barite loss. 
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PRESSURE MAINTENANCE by GAS INJECTION in the 
BROOKHAVEN FIELD, MISSISSIPPI 


ABSTRACT 


The Brookhaven field is one oj 
several Basal Tuscaloosa reservoirs 
located in south-central Mississippi. 
It is a standstone reservoir, of erratic 
deposition and with several faults, 
having an approximate subsea depth 
of 9,800 ft. A large variation in 
permeability exists with a weighted 
average being 256 md. Estimated 
average interstitial water saturation 
is 45 per cent. The undersaturated 
reservoir fluid exhibits marked dif- 
ferences in physical properties with 
measured saturation pressures rang- 
ing from 733 to 2,255 psi. 


Early rapid decline in reservoir 
pressure caused the operating inter- 
ests to unitize the field and initiate 
a program of pressure maintenance 
hy gas injection. At the time gas 
injection was commenced, the reser- 
voir pressure had fallen to nearly 
half of the original pressure with 
only per cent of the original 
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oil in place produced. The reservoir 
pressure has since been maintained 
at Upproximately 2,750 psig, and 
cumulative production to date is 17 
per cent of original oil in place. 
An analysis of field performance dur- 
ing gas injection is presented in 
detail. 

The program of pressure mainte- 
nance by gas injection is considered 
to be a success, since the expected 
ultimate recovery has been increased 
and the current production rate is 
in excess of 2 per cent of original 
oil in place per year. Performance 
has been better, anticipated ultimate 
recovery is larger, and total produc- 
tion costs are lower than for a simi- 
lar Basal Tuscaloosa reservoir nearby, 
even though that field appears to 
have a more effective natural water 
drive. 


INTRODUCTION 


The history of the Brookhaven 
Unit is a testimonial for unitization 
and for the application of engineer- 
ing techniques in the operation of an 
oil field. The operating and royalty 
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haven. 


interests in this field have mutually 
benefited from their early recogni- 
tion of the need for unitization and 
pressure maintenance, and from the 
forthright manner in which these 
were accomplished. The tangible 
benefits accruing to the participants 
in the Unit are: (1) income from 
gasoline plant products, (2) reduced 
lifting and operating costs from those 
ot competitive operation, (3) main- 
tenance of high levels of current in- 
come by mitigation of the inevitable 
decline in production rates inherent 
to natural depletion, (4) an increase 
in ultimate recovery of about 40 
per cent over natural depletion oper- 
ations. This paper should properly 
be considered a progress report; how- 
ever, the performance of the field 
after five years of pressure main- 
tenance clearly indicates that the ulti- 
mate success of the project is assured. 


LOCATION AND GEOLOGY 


The Brookhaven field is located 
in south-central Mississippi, about 
six miles from the town of Brook- 
Production at Brookhaven 
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is from the Basal Tuscaloosa forma- 
tion of Upper Cretaceous age. The 
average depth of the producing sec- 
tion is about 10,300 ft subsurface or 
9,800 ft subsea. 


Fig. | is the structure map of the 
field, drawn on top of the Basal 
Tuscaloosa formation. The proved 
closure is approximately 400 ft. Three 
faults trending north and south form 
a central graben area. The central 
of these faults occurs principally in 
a shaled out section of the field and 
is not of importance in the reservoir. 
The two faults along the east and 
west sides have sufficient throw to 
cause partial discontinuity within the 
reservoir. The erratic nature of the 
sand deposition is evidenced by two 
shaled out areas near the crest of 
the structure. 
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Production is from three separate 
zones in the Basal Tuscaloosa. These 
are the Pilot, Case and Smith zones. 
Fig. 2 shows two typical electric 
logs of the producing section with 
the general designation of these zones 
indicated. In the north and east 
portions of the field, the Smith and 
Case zones could not be readily 
segregated; therefore, these have been 
lumped together and called the Ar- 
rington zone. The Smith-Arrington 
zone has the greatest areal extent and 
is the major reservoir. Fig. 3 is the 
isopachous map of this zone. The 
Case zone has considerably less ef- 
fective sand volume than the Smith, 
and the Pilot is relatively insignifi- 
cant. Isopachous maps of these zones 
may be found in the literature.’ The 
total effective sand volume is about 
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207,000 acre-ft, of which the Smith- 
Arrington zone comprises about 180,- 
000 acre-ft and the Case zone 27,000 
acre-ft. 


DEVELOPMENT 


The field was discovered by the 
drilling of The California Company’s 
G. T. Smith No. 1. This well was 
completed as a small pumper in 
June, 1943. Two subsequent dry 
holes caused a period of inactivity 
until September, 1945, when Roeser 
and Pendleton’s Leon Case No. 1 
was completed as a good producer. 
This accelerated drilling activity and 
during 1946 and 1947 development 
was essentially completed on a 40- 
acre spacing. A total of 152 pro- 
ducers and 22 dry holes have been 
drilled in the field. Normal practice 
was to set about 1,100 ft of surface 
pipe and a production string of 7 
or 5'2-in. casing to total depth. The 
productive zones were then per- 
forated. Many wells were initially 
completed in both the Case and 
Smith zones. 


UNITIZATION 


Early in the development period 
of the field frequent bottom hole 
pressure surveys were made. These 
surveys revealed that the reservoir 
pressure was declining at a very 
rapid rate. Only about 3,000 bbls of 
oil were produced per psi drop in 
reservoir pressure up to 1947. This 
clearly indicated that some form of 
pressure maintenance would be nec- 
essary to insure maximum recovery. 

The operators held their first meet- 
ing in March, 1947. Plans were for- 
mulated for an engineering study 
of the reservoir. This study concluded 
that the limited natural water drive 
would not maintain pressure at a 
reasonable rate of production, so a 
program for unitization and pressure 
maintenance by gas injection was 
instigated. In June, 1948, only 15 
months later, the unit agreements had 
been signed, a compressor plant built, 
a source of extraneous gas developed, 
and injection commenced in three 


wells. The California Co. is Unit 
operator. 
Participation in production for 


both operating and royalty interests 
is based on the percentage of the 
total acre-feet of effective oil sand 
which underlies each tract. At the 
present time only one producing well 
in the field is not operated by the 
Unit. Approximately 98 per cent of 
the royalty interests have voluntarily 
signed the unit agreement. 
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The reservoir was originally under- 
saturated, and there was no extran- 
eous source of gas in the field. There- 
fore, it was necessary to secure an 
outside source of gas to maintain 
pressure. A long-term contract was 
signed by the Unit with Southern 
Natural Gas Co. to supply the neces- 
sary make-up gas. Southern Natural 
laid a line from the Gwinville gas 
field, about 30 miles east of Brook- 
haven, to supply this gas. The con- 
tract guarantees a minimum purchase 
by the Unit of 11 MMcef per day 
for 12 years, and the average price 
is about 11 cents per Mcf. This 
gas is very dry, being composed of 
97.5 mol per cent methane and 2.5 
mol per cent carbon dioxide. A gaso- 
line absorbtion plant was put in oper- 
ation in June, 1949, together with a 
low pressure gas gathering system. 
These facilities are operated by the 
Unit. 


RESERVOIR MATERIALS 


The general drilling program in- 
cluded coring the Basal Tuscaloosa 
pay zones and analyses on cores from 
140 wells were available. The aver- 
age porosity of the Smith-Arrington 
zone is 26 per cent, and porosity of 
the Case zone is 24 per cent. The 
permeability of the Smith-Arrington 
zone ranges from 0 to 6,000 mds, and 
the arithmetic average is 340 mds. 
The arithmetic average permeability 
of the Case zone is 170 mds. Fig. 4 
gives the permeability profile of a 
typical well. The permeability dis- 
tribution as demonstrated by this 
typical profile would indicate that 
the coverage of injected gas may be 
very poor. However, layers of high 
permeability cannot be correlated 
from well to well, and it is postulated 
that this high degree of heterogeneity 
actually tends to improve the cov- 
erage by injected gas. 

The average interstitial water sat- 
uration of the producing zone is 
estimated to be 45 per cent of the 
pore space. A transition zone with 
water saturation greater than 50 per 
cent occurs in the first 20-30 ft above 
the original oil-water contact. 

Fig. 5 gives the two-phase, oil-gas, 
rélative permeability data which have 
been used in the reservoir calcula- 
tions. These curves represent the 
average of several laboratory inves- 
tigations on Brookhaven cores and 
on similar Basal Tuscaloosa cores 
from neighboring fields. 

The reservoir fluid was originally 
undersaturated, and there existed a 
unique condition with respect to fluid 
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characteristics; that is, a variation in 
reservoir fluid properties within a 
more or less continuous reservoir. 
There were two very definite indi- 
cations that this condition existed: 

(1) Bottom hole sample analyses 
from seven wells at various loca- 
tions within the field indicated a 
variation in saturation pressure from 
733 psig to 2,255 psig. 

(2) The gravity of the produced 
oil varied from 26° to about 40° 
API, and produced gas-oil ratios 
from 100 to over SOO cu ft) bbl. 


For the purpose of making reser- 
voir calculations, it was necessary 
to obtain data on the average fluid 
properties. This was accomplished 
by drawing a map of iso-saturation 
pressures, included as Fig. 6. The 
control for this map was obtained 
by plotting saturation pressure against 
both the produced tank oil gravity 
and GOR from the analyses of six 
wells sampled. (Fig. 7). Using this 
together with the well test data 
of produced gravity and GOR, a 
saturation pressure was estimated for 
each producing well not sampled. 
A weighted average saturation pres- 
sure of 1,439 psig was then estimated 
by planimetering this map. 

The reservoir oil varies in viscosity 
from 0.6 to 1.9 cps. Fig. 8 gives 


factor and gas in solution with the 
saturation pressure. The formation 
volume factor of the original reser- 
voir fluid varied from 1.155 to 1.375 
and the gas solubility from 100 to 
over 500 cu ft/bbl. These curves 
have been extrapolated to calculated 
points at the current operating pres- 
sure. These points give the values of 
gas solubility and FVF of the sat- 
urated oil in the gas-swept forma- 
tion under the assumption that in- 
jected gas goes in solution in the 
reservoir oil at the prevailing pres- 
sure, as discussed below. 


PRESSURE PRODUCTION 
HISTORY 


The pressure production history of 
the field is shown by Fig. 9. The 
reservoir pressure declined very rap- 
idly from the original of 4,537 psig 
to slightly less than 2,800 psig in 
May, 1948, immediately prior to 
injection. The reservoir pressure has 
been maintained at between 2,700 
and 2,800 psig by the gas injection 
program. The present distribution is 
shown by the iso-baric map of a pres- 
sure survey completed in October, 
1952, Fig. 10. The two major faults 
and the two barren areas tend to 
restrict the over-all continuity of the 
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pressure in the entire reservoir, it 
has been necessary to inject in five 
dispersed areas. These areas are indi- 
cated on the isobaric maps. Presently, 
there are 12 injection wells, two in 
Block I, one in Block II, three in 
Block III, four in Block IV and two 
in Block V. 


The production rate increased rap- 
idly during the major development 
period, 1946 and 1947, and reached 
a maximum of slightly over 15,000 
B/D in mid 1949. The production 
rate has declined somewhat from 
this maximum due principally to in- 
creasing gas-oil ratios and partially 
to water encroachment to edge wells. 
In recent months this decline has 
been arrested. The current produc- 


tion rate is approximately 12,000 
B/D. This has been accomplished by 
installing additional compressor ca- 
pacity, altering the stages of exist- 
ing compressors and installing high 
pressure producing facilities in the 
field. The resulting increase in gas 
handling facilities permits the pro- 
ducing of wells after gas break- 
through. 

The encroachment of edge water 
has imposed a secondary problem at 
Brookhaven. When water encroaches 
to a well the consequent lowering 
of the fluid level increases the lifting 
problem. This in itself is a serious 
problem, and at Brookhaven it is 
intensified by an apparent reduction 
in the total fluid productivity of the 
well. In most cases, there is as much 


as 50 or 60 per cent reduction in 
fluid productivity and in some cases 
complete plugging has occurred. In 
recent months, it has been found 
that these wells can be returned to 
a satisfactory producing status by 
the application of mud acid to in- 
crease fluid productivity and or in- 
stallation of gas lift valves to lift 
the necessary fluid volumes. 

Currently about 37 MMcf per 
day is being injected. The initial gas 
gathering system was a 9 psig sys- 
tem. This sufficed as long as only 
solution gas was being produced, 
but after gas breakthrough occurred 
the volume of gas produced and 
tubing pressures increased. To handle 
this gas, 850 psig and 70 psig gath- 
ering systems have been installed. 
These systems are expanded as the 
gas front encroaches on additional 
wells. About 40 MMcf per day is 
currently being handled. Of this, 30 
MMef per day is compressed to 2,500 
psig at the plant, including 11 to 13 
MMef per day of purchased gas, 
and about 10 MMcf per day is 
being compressed to 3,000 psig by 
three field compressors for direct 
discharge into injection wells. The 
plant processes about 18 MMcf per 
day of Unit gas and produces ap- 
proximately 450 B/D of products. 
The cumulative gas injected through 
June, 1953, was about 39 billion cf. 
Fig. 11 shows the extent of the 
movement of injected gas from each 
of the five centers of injection as of 
Oct. 1, 1952. 

The cumulative oil produced by 
the Unit wells through June, 1953, 
was 30,664,896 bbls. This represents 
about 17.5 per cent of the original 
oil in place, which was estimated to 
be 172.2 million bbls by volumetric 
calculations. Approximately 7.5 mil- 
lion bbls were produced prior to 
unitization and about 23 million 
bbls have been produced since the 
initiation of the gas injection 
program. 


ANALYSIS OF 
PERFORMANCE 
FACTORS AFFECTING PERFORMANCI 

An analysis of the reservoir per- 
formance after five years of pressure 
maintenance by gas injection has 
been made. The purpose of this 
analysis was to determine how ef- 
fective the gas injection program 
has been and from this estimate 
what the ultimate recovery will be. 
The analysis of the performance 
ot this field is complicated by the 
following factors: (1) a wide varia- 
tion in reservoir fluid properties, (2) 
a limited edgewater drive, (3) oper- 
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ating pressure considerably above 
the original saturation pressures of 
the reservoir oil, causing part of the 
injected gas to go into solution, (4) 
a tentative economic GOR limit for 
wells producing behind the gas front 
of 40,000/1, (5S) a gravity gradient 
effective behind the gas front due to 
a slight formation dip, and (6) the 
geometry of the field. 

In making an analysis of this type, 
there exists an inherent ambiguity. 
When oil is displaced, the resulting 
recovery can be attributed to: (1) 
high displacement efficiency from a 
small sand volume, or (2) low dis- 
placement efficiency from a large 
sand volume. In order to resolve this 
problem, it was necessary to employ 
both material balance and displace- 
ment type calculations to determine 
how much of the reservoir volume 
has been swept by gas and the re- 
covery from this swept volume. 

Due to its irregular geometry, the 
field is considered to be composed 
of five semi-independent reservoirs, 
as shown in Fig. 11. Gas is being 
injected in each of these Blocks. 
Because of this and the aforemen- 
tioned complicating factors, a sep- 
arate analysis has been made on each 
Block. For illustrative purposes only, 
the analysis of the Smith sand in 
Block IV is presented herein; this 
is believed to be representative of 
the field as a whole, because the per- 
formance of this Block during gas 
injection has been similar to the over- 
all performance of the field. A de- 
tailed breakdown of production data 
from this Block and physical char- 
acteristics of the sand and reservoir 
fluids are given in Table 1. A brief 
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summary of the analytical procedure 
employed is presented in the follow- 
ing paragraphs. 


ANALYTIC PROCEDURE EMPLOYED 
The Coverage Factor 

“Coverage factor” is defined as 
the fraction of total effective sand 
behind the gas front which has been 
swept by gas. This should be dis- 
tinguished from the “conformance 
factor’ as presented by Patton, 
which is the ratio of swept pore vol- 
ume to the total reservoir pore vol- 
ume. “Coverage factor” as herein 
used is a direct reflection of the 
reservoir performance at any stage 
of injection, whereas “conformance 
factor” by definition changes as the 
frontal position of the injected gas 
advances. First, the variation of the 
average free gas saturation with 
variation in coverage factor was cal- 
culated by material balance meth- 
ods. Next, a relationship between 
coverage and average gas saturation 
was also established using Buckley- 
Leverett displacement type calcula- 
tions.’ The pair of values for these 
variables which satisfied both meth- 
ods were accepted to be representa- 
tive of reservoir performance. 

The positions of iso-ratio lines, 
representing GOR’s of 1,000/1, 


5,000, 1, 10,000; 1, and 40,000/ 1, 
were estimated from the producing 
GOR’s of the wells on Oct. 1, 1952 
(the effective date of the analysis). 
These lines were superimposed upon 
a Smith sand isopachous map and 
the apparent reservoir volume en- 
closed by each was determined by 
planimetering. The position of the 
1,000/1 GOR line was assumed to 
coincide with that of the gas front. 

The Block under study was dia- 
grammatically represented as in Fig. 
12 where the Block is composed of 
two elements, B into which gas is 
being injected, and A into which edge 
water is encroaching. The boundary 
between B and A is the position of 
the gas front. By referring to the 
saturation pressure map, an aver- 
age saturation pressure was deter- 
mined for the fluids originally con- 
tained in each element. The physical 
properties of the reservoir fluids hav- 
ing these saturation pressures are 
given in Table 1. The hydrocarbon 
space in the gas-swept portions of 
element B contains free gas and 
saturated oil while the hydrocarbon 
space of the unswept portion of B 
contains undersaturated oil only. By 
material balance methods, the aver- 
age free gas saturation in the swept 
portion of B was evaluated as a 


TABLE 1 — SAND, PRODUCTION, AND FLUID DATA OF SMITH SAND, BLOCK IV, 
BROOKHAVEN FIELD 


Sand Data: 
Porosity, ? 
Avg. Perm. K, md 


Interstitial water 

Total sand volume, acre-ft 

Sand volume enclosed by gas front, acre-ft 
Reservoir Temperature 


Production Date: 


Production prior to injection 


Production during injection period 
Wells ahead of gas front on 10-1-52 


Wells behind gas front on 10-1-52 
Prod. GOR’s, GORs < GOR < 1000 1 


1000 GOR < 5000/1 
5000 /1 GOR < 10,000 /1 
10,000, 1 < GOR < 40.000 /1 
40,000 /1< GOR 


Cumulative gas injected 
Reservoir Fluid Data: 


Beginning of injection, 
Reservoir pressure, 2,600 psig 
Saturation pressure 
F.V.F. of oil, rvb /STB 
Solution GOR, SCF / STB 
On 10-1-52 
Reservoir pressure, 2,845 psig 
Saturation pressure, saturated cil 
Undersaturated oil 
F.V.F., saturated oil 
Undersaturated oil 
Solution GOR, saturated oi! 
Undersaturated oil 
Gas conversion factor, rvb/ MCF 
Viscosity @ 2,845 psig 
Saturated Oil, cp 
Gos, cp 


0.256 
256 
0.45 
55,445 
24,580 
250° F 
Oil, Bbls Gas, MCF 
2,404,263 
2,412,342 
1,852,466 802,131 
436,497 1,105,748 
444,120 3,230,915 
305,854 4,887,088 
2,035 195,517 
14,008,782 
Element B Element A 
1,950 1,650 
1.304 1.273 
433 
2 845 
1,950 1,650 
1.402 
1.298 1.268 
647 
433 
1.2087 
0.540 
0.019" 
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function of the coverage factor, Fig. 
13. The relationship of these vari- 
ables may be expressed as, 
(1—P.) 
For the case where no in- 
jected gas is assumed to go 
into solution, Q,. is the net 
injected gas in the reservoir, 
or 


Ri An: 
For the case where the oil 
remaining in the gas swept 
portion of B is considered to 
be fully saturated, the free 
gas is given by, 


(b) Q,. = 

— Buz) (Qu: — Ov: + Rn Ame) 

— (Ry: — Ru) — Bo) 

+ By: (Amn: + Am, + An..)] 
— Bus — V. (Re: — Ru) 
Where: 

Am, = oil produced be- 
hind the gas 
front (cycled 
production). 


Oil produced 
with its solution 
GOR from wells 
located behind 
the gas front. 


An, = Oil displaced 
from element B 
to element A. 


(The remaining terms are 
defined in the legend at 
the end of this paper.) 


By letting An,, have values pro- 
gressively larger than zero, the curves, 
Fig. 13, were calculated. The two 
curves represent the limiting cases: 
(1) no injection gas goes into solu- 
tion, and (2) the oil remaining in 
the swept pore volume is fully sat- 
urated at the prevailing pressure. 
It is believed that the latter is more 
representative of the actual situation. 


In the normal Buckley-Leverett 
type displacement calculations where 
capillary pressure and gravity effects 
are ignored, the average gas satura- 
tion is solely a function of the volume 
of gas injected. However, if the 
gravity term in the equation is in- 
cluded,” the average gas saturation 
is also a function of the volumetric 
velocity, or flow rate. Since average 
distances between the iso-ratio lines 
could be measured on the flood map, 
application of a coverage factor re- 
sulted in reductions in the cross- 
sectional area available for transport. 
The flow rate resulting from any 
given injection rate is a function of 
the coverage factor. Consequently, 
the average free gas saturation in the 
swept pore volume could be evalu- 
ated as a function of the coverage 
factor. 


Solving the Displacement Problem 


In solving the displacement prob- 
lem, a constant pressure of 2,845 
psig was assumed. The average in- 
jection rate, in terms of reservoir 
gas volume, was calculated. Average 
volumetric velocities through each 
volume segment bounded by a pair 
of iso-ratio lines were determined by 
subtracting the cycled production 
from gross injection. For example, 
the reservoir volume produced with 
a ratio in excess of 10,000) 1) was 
subtracted trom the injected volume 
to find the fluid volume moving 
through that portion of the reser- 
voir bounded by the 10,0001 and 
5,000. 1 iso-ratio lines. 


It was assumed that injected gas 
goes into solution at the gas front 
only. Having calculated the appro- 
priate volumetric velocities for a 
given coverage factor, a series of 
fractional flow stream composition 
versus gas saturation curves were 
drawn. These were graphically dif- 
ferentiated and appropriate segments 
taken from each to construct the 
composite saturation distribution 
curve corresponding to a coverage 
factor of 0.55 given in Fig. 14. 
The discontinuities in the saturation 
distribution at the boundaries of 
the segments are the result of the 
assumption that the flow stream at 
an iso-ratio boundary is of constant 
fractional composition with respect 
to gas and liquid. 

The average free gas saturation in 
each segment was directly calculated 
and from this the average free gas 
saturation in the entire gas swept 
portion of B determined. This pro- 
cedure was repeated for various 
values of the coverage factor (Fig. 
13). That coverage factor which 
yielded the same average free gas 
saturation in the swept portion of 
B using displacement theory and ma- 
terial balance methods was _ taken 
to be the most representative of 
the reservoir. It was found that an 
average free gas saturation of 15.3 
per cent had been established in 
55 per cent of the reservoir volume 
enclosed by the gas front. 


Field Performance 


Once a coverage factor had been 
established, a complete material bal- 
ance solution on the Smith sand of 
Block IV was possible — including 
the cumulative net water influx dur- 
ing the period of gas injection. The 
oil production due to water encroach- 
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ment was related to the gross gas 
injected by the following procedure: 
1. The variation of rate of water 
influx with time was calculated 
by a series of material balances, 
based on pressure and produc- 
tion data at various times dur- 

ing the injection period. 


From the above and water 
production data, a plot of cum- 
ulative net influx versus time 
was made. 


3. A plot of cumulative gas in- 
jected versus time was made 
trom field data. 

4. Cumulative net water influx 
was converted to stock tank 
oil and the desired relation 
was obtained by cross-plotting 
(2) and (3) above. 

The difference between this curve 
and the actual performance curve 
for the Block is the performance of 
the gas injection program as _ illus- 
trated in Fig. 15. The actual per- 
formance of the Block is described 
by the solid portion of Curve A. 
Curve C shows the oil recovery due 
to water encroachment and Curve 
B is the performance of the gas 
injection program as interpreted by 
the foregoing analysis. 

Of interest is the degree with 
which the gas displacement perform- 
ance as previously interpreted coin- 
cides with the theoretical perform- 
ance of a comparable system. The 
theoretical performance may be read- 
ily calculated to any desired stage 
of depletion, and if applicable would 
permit estimates of the future per- 
formance of the Block to be made. 
Curves D and E are performance 
curves of this type and were cal- 
culated by the following methods. 


Theoretical Performance 


Electric model studies were made 
to determine the ultimate position 
of the gas front. They indicated 
that 71 per cent of the total Smith 
sand of Block IV would be en- 
closed by the ultimate front. Apply- 
ing the previously established cov- 
erage factor to the pore volume 
enclosed by this front, the theoreti- 
cal performance of Block IV was 
calculated, for the case of no pro- 
duction behind the front, after the 
method of Welge.’ Curve D, on Fig. 
15, describes the theoretical gas dis- 
placement performance of this case. 
The saturation distribution curve 
used in calculating this performance 
is the smooth curve in Fig. 14. 
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For the case where cycling occurs, 
the theoretical performance will not 
coincide with that indicated by Curve 
D because production behind the 
front will result in a more rapid 
increase in producing GOR. In order 
to calculate the behavior of a theo- 
retical system representing an actual 
reservoir from which production is 
taken behind the advancing front of 
the displacing fluid, the plan or 
method of field operation must be 
known. Analysis of production data 
during the period of interest and 
the general principles guiding the 
operation of the field was, therefore, 
necessary. The plan followed to 
date at Brookhaven may be sum- 
marized as follows: 

1. Those wells lying next to the 
boundaries of the Block have 
been produced continuously 
until their GOR’s reached ap- 
proximately 40,000/1. (with 


the exception of those wells ly- 
ing near the edgewater boun- 
dary of the Block). 

The interior wells have been 
produced until their GOR’s 
reached 1,000/1. These wells 
have been shut-in, except for 
periodic testing, until their 
GOR’s reached 5,000/1. 
After the producing GOR's 
reached 5,000/1, the wells 
have been opened and _ pro- 
duced until their GOR’s 
reached 40,000/1, consistent 
with the gas handling capacity 
of the plant. This procedure 
was adopted in an attempt to 
achieve a smooth gas front by 
reducing cusping into the pro- 
ducing wells. This cusping of 
gas into first line wells ahead 
of the gas front was indicated 
by the early behavior of the 
gas injection program. 


Once established, this of 
operation was utilized with displace- 
ment theory to calculate the theoreti- 
cal performance of the reservoir 
under cycling operations. The pro- 
duction, Table 1, was converted 
to reservoir volumes and average 
cycling rates determined. The pro- 
cedure was to determine the injec- 
tion volume necessary to cause the 
first ring of wells to produce with 
a ratio of 5,000/1 since this was 
the beginning of cycling. 

The total reservoir volumes of the 
fluids produced with GOR’s from 
1.0001 to 5,000/1, and 5,000/1 to 
10,0001, respectively, were divided 
by the time period during which 
cycling with these ratios took place. 
These rates were used to find that 
fractional part of the total flow 
stream which was produced behind 
the front. When the GOR of the 
first row of wells increased to 
10,0001, production in excess of 
this ratio became possible. 

This procedure was repeated step- 
wise until production with ratios in 
excess of 40,000/1 became possible. 
The theoretical performance curve 
approximated in this manner is 
shown by Curve E in Fig. 15. The 
path taken by this curve depends 
upon the manner of operation of 
the field, since prior to breakthrough 
at the last row of wells any desired 
GOR may be achieved by judicious 
choice of producing wells. However, 
a mathematical consequence implied 
by the equations of Kern’ is that if 
cycling occurs and all wells are pro- 
duced to the same limiting GOR, 
the total amount of gas injected when 
the last row of wells produce with 
this GOR is the same as for the 
case without cycling. Consequently, 
the gas injection performance curves 
for the cycled and non-cycled cases 
join when the last row of wells 
produce with this ratio. 


Estimated Gas Drive Production 


If the coverage factor remains 
0.55 and 39,303 acre-ft are ulti- 
mately enclosed by the 40,0001 
GOR line in this Block, an estimated 
50 billion cu ft of gas will have 
been injected and 8.8 million stock 
tank bbls of oil will have been pro- 
duced by gas drive. If the current 
rate of injection is maintained, it is 
estimated that the oil production due 
to water encroachment during the 
injection period will be 3.2 million 
STB. The total recovery from this 
Block during the gas injection period 
is, therefore, estimated to be 12 
million STB, as shown by the extra- 
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polation of Curve A, Fig. 15. Since 
2,404,263 STB of oil were produced 
prior to the initiation of gas injec- 
tion, an estimated 31 per cent of the 
46.45 million STB originally in place 
in this Block will have been re- 
covered at the end of pressure 
maintenance. A total recovery of 
approximately 50 million bbls is esti- 
mated for the entire field. 

The actual performance of the 
field indicates that the coverage fac- 
tor has progressively increased to 
the present value of 0.55. Injection 
gas breakthrough to the first row of 
wells occurred after only a relatively 
small volume of gas had been in- 
jected. A coverage factor in the 
order of 0.40 was estimated at that 
time. Should future production pro- 
vide data indicating that the cov- 
erage has continued on an increasing 
trend, it will be necessary to in- 
crease these recovery estimates. 

The measurable performance of 
a reservoir is the combined result 
of all the producing mechanisms 
operable. Interpretation of perform- 
ance data and delineation of pro- 
duction caused by each of these 
various mechanisms cannot be ac- 
complished without resorting to the 
theory of each. Therefore, the inter- 
pretation of performance by gas dis- 
placement assumes that theoretical 
concepts and data used in applying 
these are valid. For example, if lab- 
oratory relative permeability meas- 
urements are not representative, the 
performance by gas displacement 
may be something other than that 
shown by Curve B. This paper 
merely attempts to point out that 
it is possible to interpret field data 
in the light of present theory. Also, 
that this interpretation reasonably 
agrees with the theoretical behavior 
of a hypothetical system having the 
parameters of the field. 


GAS INJECTION VERSUS 
NATURAL DEPLETION 


Fig. 16 shows a comparison of the 
calculated performance of the field 
under natural depletion with the 
performance estimated under gas 
injection operations. These estimates 
indicate that under pressure mainte- 
nance the ultimate recovery will be 
in the order of 50 million bbls or 
250 bbls/acre-ft. This represents 
about 29 per cent of the original 
stock tank oil in place. The esti- 
mates of recovery by natural deple- 
tion indicate the ultimate recovery 
would be about 39 million bbls. 
However, the ultimate economic re- 
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covery under this method of opera- 
tion is estimated to be 36 million 
bbls or about 21 per cent of the 
original oil in place. Under this 
method of operation, the decline in 
reservoir pressure would have re- 
quired pumping from below 8,500 ft 
by 1957, and high lifting costs would 
have forced the abandonment of the 
field as uneconomic. 

Fig. 17 is presented to show a 
comparison between the performance 
of Brookhaven, under gas injection, 
and a similar Basal Tuscaloosa res- 
ervoir which is being produced under 
natural depletion. This field, Malla- 
lieu, is located about 12 miles from 
the Brookhaven field. The sand prop- 
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erties at Mallalieu are practically the 
same as those at Brookhaven, and 
the original reservoir oil was under- 
saturated. The principal difference 
between the two is that the Mallalieu 
west reservoir (for which the curve 
was drawn) is smaller than Brook- 
haven. The original stock tank oil 
in place was about 70 per cent of 
that at Brookhaven. 

Actually, at Mallalieu production 
rates have declined to a point where 
pressure is being maintained above 
the bubble point by natural water 
drive. In spite of this, as shown by its 
performance curve, the production 
has rapidly declined to the present 
rate of only about 1 per cent per 


R7E 


BOTTOM-HOLE PRESSURE Map, OcTrosBer, 1952. 


Sus SEA Datum 9,800 Fr. 


R7E 
| 
N or . 
Ly) 
h 
7700) 
8 B ars 
. s 
51 


ects 


TEMPORARY 
MOATES CASE COMPLETION 
MOC ATES COMPLE 

PLOT COMPLE TOW 
GOR CONTOURS 

MATER FRONT 


GAS MIECTION OF 


R7E 


Fic. 11 — Gas AND WATER FLOODED AREAS. 


year of the original oil in place. 
An extremely long productive life 
will be necessary to recover a sub- 
stantial part of the original reserve. 
The performance of Mallalieu is at- 
tributed principally to the fact that 
water encroachment to edge wells 
has caused their early abandonment. 
When water encroaches into a well, 
it is not physically possible to lift 
sufficient fluids from the low fluid 
levels to maintain economic produc- 
tion. The California Co. has found 
that lifting costs at Mallalieu are 
approximately one and one-half times 
those at Brookhaven, including the 
cost of purchased gas, which will 
have a resale value. 


CONCLUSION 


This paper has been presented as 
a progress report of five years of 
unitized pressure maintenance oper- 
ations in the Brookhaven field. It 
should be stated that the performance 
during this period has been progres- 
sively better than the original pre- 
dictions which furnished the basis 
for initiating the project. The over- 
all economics have also been very 
satisfactory. Therefore, there is good 
basis for an optimistic outlook with 
regard to the future performance of 
the field. 


SATURATED WATER) 
or WNFLUX | waren 
| 


5 

| 
4 Ne, Gay iw, 
UNDER SATURATED OIL 

H 
My, 


Fic. 12 — SCHEMATIC PRESENTATION 
oF IV FoR MATERIAL 
BALANCE PURPOSES. 


VS C, MAK 
GAS IN SOL, 
DISPLACEMENT 
CALC 


030 040 050 060 O70 080 090 
C, COVERAGE, SWEPT FRACTION OF RESERVOIR VOLUME 


Fic. 13 — VARIATION OF AVERAGE 
FREE Gas SATURATION IN THE GAS- 
SWEPT PORTION OF THE RESERVOIRS 


WITH THE COVERAGE FACTOR. 


Dotted line shows agreement between material 
balance and displacement calculations for the 
case where the oil in the gas-swept reservoir 
volume is fully saturated. 
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LINEAR SYSTEM 
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Fic. 14 — COMPARISON OF THE CAL- 
CULATED DISTRIBUTION IN THE GAS 
FLOODED REGION OF BLOcK IV WITH 
THE THEORETICAL SATURATION DIs- 
TRIBUTION RESULTING FROM GAS 
DISPLACEMENT IN AN IDEALIZED Sys- 
TEM; No PRODUCTION BEHIND THE 
Gas FRONT. 
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A — Actual Performance, Measured Field Data. 
B — Production Due to Gas Displacement. 
C — Production Due to Water Encroachment. 


Fic. 16— COMPARISON OF ESTI- 
MATED CUMULATIVE RECOVERY 
AND RESERVOIR PRESSURE DECLINE 


GAS INJECTION, 
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D 
40 50 60 
BILLION CF 
THE SMITH SAND OF BLOCK IV. 


D — Calculated Performance, No Cycled Pro. 
duction. 

E — Calculated Performance, 
hind Gas Front. 


Production Be- 


ATIVE RECOVERY, % OF ORGINAL STOCH On PLACE 


17 — COMPARISON OF PER- 


UNDER NATURAL DEPLETION AND FORMANCE OF TWo SIMILAR BASAL 
PRESSURE MAINTENANCE TUSCALOOSA RESERVOIRS UNDER DiF- 
OPERATIONS. FERENT PRODUCTION SCHEMES: (1) 
MALLALIEU, WEST RESERVOIR — 

LEGEND NATURAL WATER DRIVE AND PREs- 

SURE DECLINE CONTROLLED BY 

Numerical subscripts indicate dit- WITHDRAWAL RATES: AND (2) 


ferent times. 

Subscripts, a and b, refer to posi- 
tion relative to the location of the 
1,000/1 GOR contour line. 

Primes indicate different fluid sys- 
tems; Bn, By’. 

8 = Formation volume factor, 
rvb STB 
R = Solution, GOR, SCF /STB 
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BROOKHAVEN — 


PRESSURE MAINTE- 
NANCE BY GAS INJECTION. 


W = Net water influx into reser- 
voir, bbls 

C = Coverage, fraction of total 
hydrocarbon space swept 
behind the front. 


N = Oil in place in one portion 
of reservoir, STB 
An = Incremental oil production 


from one portion of res- 
ervoir, STB 
@ = Fractional porosity 


Q, = Cumulative gas injection, 
MCF 

Q,. = Free gas in reservoir, MCF 

Q,. = Total gas produced behind 


gas front, MCF 
P. = Average gas saturation be- 
hind front, swept zone 
=Connate water saturation, 
fraction of pore space 
0 = Fraction of reservoir oil be- 
hind front absorbing in- 
jected gas 
V = Reservoir volume occupied 
by 1.0 MCF S.C. gas, rvb 
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Proration and Unitization 
Discussed by Dallas Groups 


The faults of proration and the 
legal aspects of unitization were sub- 
jects discussed by Dallas groups at 
recent meetings. 

“What’s Wrong with Proration™ 
was the topic of a talk by William 
J. Murray before approximately 70 
members and guests. Murray, of the 
Texas Railroad Commission, dis- 
cussed the basis used to compute the 
total oil allowable, MER’s, market 
demand determination, and the divi- 
sion of the total state allowance 
among the various fields. 

“Legal Aspects of Field Wide 
Unitization” was the subject dis- 
cussed by the study group. Dis- 
cussion leader was Dwight L. Sim- 
mons, of the law firm of Thompson, 
Wright & Simmons, Dallas. 


Wide Variety of Subjects 
Presented Before Sections 
At. March, April Meetings 


A wide variety of subjects were 
covered at local section meetings in 
March and April, according to re- 
ports received in the Petroleum 
Branch offices. 

The Fort Worth Section presented 
a talk by Herman H. Kaveler, Tulsa 
consultant, on “Advice to the Ap- 
prentice.” Don Pendery, Interna- 
tional Business Machine Corp., and 
T. D. Mueller, California Research 
Corp., were scheduled to speak on 
“The Operation and Application ot 
Electronic Computers to Oilfield Res- 
ervoir Problems” at the San Joaquin 
Valley Local Section meeting. 

“Methods of Stimulating Produc- 
tion” was the title of a paper pre- 
sented at the Denver Petroleum Sec- 
tion meeting by W. E. Hassebroek. 
The East Texas Section showed a 37- 
minute movie on “Rotary Drilling 
Fluids.” 


March meetings featured Harold 
Vance, vice-president of the Second 
National Bank, Houston, speaking 
on “Oil and Gas Loans” before the 
Gulf Coast Local Section. Bruce 
Grant presented a paper on “De- 
velopinent of an Underground Heat 
Wave for Oil Recovery” at the North 
Texas Local Section meeting. 

At New Orleans the Delta Section 
Study Group and Local Section meet- 
ings both produced good attendance 
in March. The Local Section group 
heard Leander H. Perez, District At- 
torney for St. Bernard and Plaque- 
mines Parishes, speak on “Tidelands 
and State Boundaries.” “Dual Com- 
pletion Practices” were discussed by 
the Study Group, with Webb Jay and 
George Dausch, Jr., Southern Na- 
tural Gas Co., as moderators. 

Jim Story of the V. E. Kuster Co. 
and Edward A. Scown of HOMCO 
of California spoke on the subject of 
bottom hole surveying at the March 
meeting of the Pacific Petroleum 
Chapter Junior Group. 


Site Set for 1957 AIME Meeting 


New Orleans will be the scene of 
the 1957 annual meeting, the dates 
being February 25 to 28. This is the 
week preceding the Mardi Gras 
celebration. 
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